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Abstract 
The work in this thesis describes the impacts of biotic and abiotic factors on the 
biological control of the soft scales, Saissetia oleae (black scale), Ceroplastes destructor 
(white wax scale) and Ceroplastes sinensis (hard wax scale) in olive groves and citrus 
orchards in temperate southern Australia.  In addition, it has also addressed the distribution 
and biology of black scale. 
With regards to taxonomy, De Lotto showed that black scale is a species within a 
complex of closely related species including Saissetia oleae, Saissetia miranda, Saissetia 
neglecta, and Saissetia privigna.  Saissetia miranda and Saissetia neglecta had not been 
formally recorded in Australia prior to the commencement of my studies but had been 
recorded elsewhere in Australasia.  Saissetia privigna has not been recorded in this region.  
Based on molecular and morphological characterisation, it appears that only one species of 
black scale, Saissetia oleae, is present on citrus and olive in temperate regions of southern 
Australia. 
There has been debate over the number of larval instars of Saissetia oleae, with several 
studies recognising two instar stages, while three instar stages have been recorded by others. 
This study determined that Saissetia oleae passes through three larval stages; the reported 
differences in the number of instars may be due to variation in this trait among populations 
or to the difficulty in recognising the moult from the third instar to the adult.  
Three separate introductions to Australia of Scutellista caerulea, a scale parasitoid, 
have been made from California, Kenya and Uganda, and South Africa.  This has led to 
debate concerning whether different biotypes of this parasitoid are currently present in 
Australia and whether they parasitise different host insects.  My study examined the potential 
presence of biotypes of Scutellista caerulea associated with Saissetia oleae, Ceroplastes 
destructor, and Ceroplastes sinensis.  Molecular and morphological characterisation of 
accessions from these three host species determined that only one biotype of Scutellista 
caerulea exists in citrus orchards and olive groves of the southern states of Australia.  
It has been reported that newly‐hatched larvae of the South African biotype of 
Scutellista caerulea only feed and pupate if eggs of the host are present, but if they hatch 
from eggs laid under non-gravid hosts, they remained in diapause, apparently without 
feeding despite an increase in length, until oviposition by the scale insect commences.  In 
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contrast, other studies have observed larvae of Scutellista caerulea feeding on body tissues 
of its hosts, and Beattie noticed translucent material in the guts of first instar Scutellista 
caerulea larvae under non-gravid Ceroplastes destructor.  Using confocal microscopy and 
molecular biology, this study determined that first instar larvae of Scutellista caerulea feed 
ectoparasitically on non-gravid females of Saissetia oleae and Ceroplastes sinensis. 
Tritrophic interactions among the plant, its herbivorous scales and their parasitoids and 
how this was affected by changes in plant N content have been shown for a range of insect 
species.  To provide an experimental system to study these interactions associated with 
Saissetia oleae and Ceroplastes sinensis, sugar or nitrogenous fertiliser was applied under 
citrus tree; these treatments, respectively, reduced or increased plant nitrogen concentrations.  
In addition, chlorophyll contents were decreased by the former treatment and increased by 
the latter in comparison to the control.  Soil nitrogen concentrations were only affected by 
the fertiliser addition.  Examination of the scales on these trees found that size of 
unparasitised scales was positively correlated with fecundity and with parasitism.  In 
addition, for Ceroplastes sinensis, scale size was positively correlated with plant N 
concentration.  Thus, for Ceroplastes sinensis, the interactions among the three components 
were clearly demonstrated.  Given the positive relationship between size and level of 
parasitism for Saissetia oleae, it is likely that plant N concentration would also have a similar 
positive relationship for this species.   
The reduction in plant nitrogen concentrations due to the addition of sugar to the soil 
was thought to be mediated by changes in the soil microflora.  To test this hypothesis and 
the effect of the nitrogenous fertiliser, next generation sequencing was used to examine 
bacterial and fungal populations within the test soils.  Bacteria from 39 phyla or candidate 
phyla were found together with fungi from 18 classes from seven different phyla.  This level 
of diversity is common in soils; however, the biology and significance of most of these 
species is unknown.  For the bacterial populations, measures of alpha diversity in the soil 
given the fertiliser treatment were significantly lower than in the control; there was also a 
similar trend in the sugar treatment.  The fungal data showed less difference among the 
treatments with no differences in the indices of alpha diversity among treatments.  Measures 
of similarity/dissimilarity (beta diversity) were visualised using principal coordinates 
analysis, and for both the bacterial and fungal data sets showed significant differences 
between microbiomes suggesting that both treatments had reduced microbial biodiversity. 
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Chapter 1: Introduction 
Black scale (Saissetia oleae (Olivier)) is a major pest on olive (Olea europaea L. 
[Lamiales: Oleaceae]) and, occasionally, an important pest on citrus (Citrus L. [Sapindales: 
Rutaceae: Aurantioideae) in Australia (Hely et al. 1882, Smith et al. 1997, Spooner-Hart et 
al. 2002), where it was first reported to occur in New South Wales in 1860s (Moore 1868, 
Sydney Morning Herald 20 March 1868) and in Queensland in 1870 (The Queenslander, 26 
November 1870).  In addition to black scale, species of wax scales belonging to the genus 
Ceroplastes are also pests of citrus.  It is important to understand the biotic and abiotic 
factors that control population levels of these pests if integrated pest management programs 
are to be designed and implemented for their control. 
With regard to taxonomy, De Lotto (1971a, 1976) showed that black scale is a species 
within a complex of closely related taxa that consist of Saissetia miranda (Cockerell and 
Parrott) (Mexican black scale), Saissetia neglecta De Lotto (Caribbean black scale), and 
Saissetia privigna De Lotto (black scale).  Saissetia miranda and Saissetia neglecta had not 
been formally recorded in Australia prior to the commencement of my studies but had been 
recorded elsewhere in Australasia (Hodgson & Lagowska 2011, Ben-Dov et al. 2014).  Both 
scales were recently reported to be present in the Northern Territory and Queensland (Lin 
2017a).  Saissetia privigna has not been recorded in this region (Ben-Dov et al. 2014).  
Samples collected during this study were used to determine whether 
Saissetia oleae is the only species of black scale present in citrus orchards 
and olive groves in southern Australia.  Morphological and molecular 
work on black scale on citrus and olives in southern Australia was 
conducted and the results compared with Saissetia oleae, Saissetia miranda, 
Saissetia neglecta and Saissetia privigna. 
There is debate over the number of larval instars of Saissetia oleae.  Quayle (1911), 
Flanders (1942a), Ebeling (1959), Bodenheimer (1951), and Avido & Harpaz (1969) 
recognised two instar stages, while three instar stages were recorded by Argyriou (1963), 
Blumberg et al. (1975), Morillo (1977), Bartlett (1978) and Podoler et al. (1979).  
This study confirms the number of larval instar stages during the 
development of black scale. 
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Black scale has considerable variation in its fecundity, producing from 200–4000 eggs 
per female.  In Spain, Tena et al. (2007) found that scale fecundity depended on the size 
(volume) of ovipositing scale females but found no significant differences in fecundity of 
the scale on citrus and olive.  There have been no records comparing the relationship between 
the fecundity and the size/volume of ovipositing females in Australia on these two host 
plants. 
This study assesses the influence of the size of Saissetia oleae and 
Ceroplastes sinensis on their fecundity on both citrus and olive. 
The development of black scale is affected by abiotic factors including the nitrogen 
content of its host plant.  It was found that nitrogen fertiliser promotes host plant health but, 
as a consequence, also favours production of a second generation of the scale that can lead 
to higher scale densities (De Freitas 1972, Pellizzari 1997).  This has led to a 
recommendation for the use of a moderate amount of nitrogen fertiliser in addition to other 
treatments (pruning, moderate irrigation, and cover spray) in an integrated pest management 
program for olives in Iran (Nouri 2007).  A similar influence of nitrogen fertilisation on the 
growth of scale insects was found for white wax scale (Ceroplastes destructor Newstead) 
and hard wax scale (Ceroplastes sinensis Del Guercio) on Valencia orange (Beattie et al. 
1990).  It was shown that the scales on trees with relatively high levels of N were larger, 
matured earlier and had higher fecundity than scales on trees with lower levels of N. 
This study assesses impacts of foliar nitrogen on the size and fecundity of 
Saissetia oleae and Ceroplastes sinensis females on both citrus and olive. 
Biotic factors, mainly natural enemies, significantly impact the development of black 
scale populations.  The scale has an abundant complex of natural enemies that include: 65 
species of primary parasitoids; 46 species of hyperparasitoids (some Coccophagus spp. are 
both primary parasitoids and hyperparasitoids); and 33 species of predators.  In Australia, 
20 primary parasitoids (6 in the Aphelinidae, 2 in the Eupelmidae, 10 in the Encyrtidae, and 
2 in the Pteromalidae) have been recorded.  In addition, six hyperparasitoids (4 in the 
Aphelinidae, 1 in the Encyrtidae, 1 in the Pteromalidae), and 16 predators (11 in the 
Coleoptera: Coccinellidae, 1 in the Hymenoptera: Pteromalidae, 1 in Neuroptera: 
Hemerobiidae, 3 in Neuroptera: Chrysopidae) have also been found.  A similar guild of 
insects, but with fewer primary and secondary parasitoids, is associated with Ceroplastes 
spp. 
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This study confirms the presence of primary parasitoids of Saissetia oleae 
and Ceroplastes spp. in southern Australia. 
It has been found that the size of the host scale may influence both the brood size of 
parasitoids as well as their size at emergence.  A study by Bernal et al. (1999a) found that 
the brood size of both Metaphycus flavus (Howard) and Metaphycus stanleyi Compere 
emerging from their host (Coccus hesperidum L.) increased with host size.  In addition, host 
size also positively correlated with the size of the emerging wasps.  This study further 
showed that multiple broods of Metaphycus flavus did not emerged from hosts less than 1.5 
mm long, while Metaphycus stanleyi did not emerge from hosts less than 1.4 mm long.  
Similarly, the size of Metaphycus lounsburyi (Howard) (both females and males) increased 
significantly with black scale volume (Tena & Garcia-Mari 2009).  Bernal et al. (1999b) 
showed that Metaphycus flavus, and to a lesser degree Metaphycus helvolus (Compere), may 
only parasitise citricola scale (Coccus pseudomagnoliarum (Kuwana)) that were greater than 
1.1 mm long, whereas Metaphycus luteolus (Timberlake) may only parasitise scales greater 
than 1.2 mm long.  
This study assesses the relationships between of rates of parasitism of 
black scale and hard wax scale (Ceroplastes sinensis) by Metaphycus spp. 
and Scutellista caerulea in relation to the size and fecundity of the hosts. 
Scutellista caerulea (Fonscolombe) is a facultative, arrhenotokous ectoparasitoid and 
gregarious egg predator of black scale and originated in Africa.  An African ‘biotype’ of 
Scutellista caerulea was successfully introduced from California to New South Wales 1903 
(Sydney Mail and New South Wales Advertiser, 4 November 1903, Australian Town and 
Country Journal 13 January 1904) and Western Australia (Jenkins 1946, Wilson 1960, 
Waterhouse & Sands 2001) for the control of black scale.  Another ‘biotype’, thought to be 
associated with white wax scale (Ceroplastes destructor), was introduced to New South 
Wales from Kenya and Uganda (Gurney 1936, Compere 1937, Simmonds 1951), but 
apparently failed to establish (Gurney 1936, Wilson 1960, Hely 1968).  However, 
subsequent introductions of another white wax scale ‘biotype’ from South Africa in 1969–
1970 were successful (Waterhouse & Sands 2001); although establishment was not 
confirmed until 1984 (Sands 1986).  There is debate as to whether different biotypes of 
Scutellista caerulea are currently present in Australia and whether they parasitise different 
host insects.  During a study of Scutellista caerulea emerging from Ceroplastes sinensis, 
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females were observed ovipositing under immature Ceroplastes destructor thus suggesting 
no specific Scutellista caerulea biotypes are related to these two host species (Beattie, pers. 
comm., 2015).  Moreover, field observations over three decades suggest that only one 
biotype of Scutellista caerulea may now be associated with Saissetia oleae, Ceroplastes 
destructor, Ceroplastes rubens and Ceroplastes sinensis in the mid-coastal New South 
Wales. 
This study examines the potential presence of biotypes of Scutellista 
caerulea currently associated with Saissetia oleae, Ceroplastes destructor, 
Ceroplastes rubens, and Ceroplastes sinensis in Australia using both 
morphological and molecular techniques. 
Sands et al. (1986) reported that newly hatched larvae of the South African biotype of 
Scutellista caerulea in associated with Ceroplastes destructor only fed and pupated if eggs 
of the host were present.  Otherwise, if they hatched from eggs laid under non-gravid hosts, 
they remained in diapause for up to 89 days, apparently without feeding despite a 1.64 × 
increase in length, until oviposition by the scale insect commenced (Sands et al. 1986).  In 
contrast to these records, Cilliers (1967) observed larvae of Scutellista caerulea feeding on 
body tissues of Waxiella mimosae (Signoret) (cited as Ceroplastes mimosae Signoret) in 
South Africa.  Moreover, Smith and Compere (1928) observed that larvae hatching from 
eggs laid under non-gravid Saissetia oleae females pierced the soft ventral tissue of the scale 
body and then absorbed the body fluids of their host, whereas larvae hatching from eggs laid 
under gravid females consumed the liquid contents of eggs.  Beattie (pers. comm.) noticed 
translucent material in the guts of first instar Scutellista caerulea larvae under non-gravid 
Ceroplastes destructor and attributed the gut contents to ectoparasitic feeding of the larvae 
on the ventral surface of their host.  However, the source and nature of the material was not 
determined.   
This study examines whether first instar larvae of Scutellista caerulea feed 
ectoparasitically on immature host: this is tested using molecular 
techniques. 
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Chapter 2: Literature Review 
 
2.1. Black scale 
2.1.1. Systematics and nomenclature of black scale 
Black scale is classified as follows: 
  Order:    Hemiptera 
  Suborder:   Sternorrhyncha 
  Superfamily:   Coccoidea 
  Family:   Coccidae 
  Genus:   Saissetia 
  Species:   Saissetia oleae (Olivier 1791) 
First described as Coccus oleae by Guillaume-Antoine Olivier in 1791, it was not 
referred to as Saissetia oleae (Bernard) until 1970 (De Lotto 1971b).  Prior to 1971, the 
taxonomy of the scale was poorly understood, particularly in Africa and America.  However, 
De Lotto (1971a, 1976) showed that what had been regarded as one species was, in fact, a 
species within a complex of closely related taxa that included Saissetia oleae (Olivier 1791), 
Saissetia miranda (Cockerell & Parrott) (Mexican black scale), Saissetia neglecta De Lotto 
(Caribbean black scale), and Saissetia privigna De Lotto (black scale). Thirty-six synonyms 
are listed in ScaleNet (http://scalenet.info/validname/Saissetia/oleae) and ten common 
names: black scale, caparreta, cochnilha-H, cochnilha-negra, escama negra, la cochenille de 
l'olivier, Mediterranean black scale, olive scale, olive soft scale, and qenimat hazayit 
(Garcia-Morales et al. 2016). 
 
2.1.2. Geographic origin and distribution of black scale 
2.1.2.1. Geographic origin  
Smith & Compere (1928) noted that black scale was recorded on olive trees (Olea 
europaea L. [Lamiales: Oleaceae] in Nice in 1743.  However, the original description is 
based on specimens collected from olives trees on the Mediterranean coast of France in 1791 
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(De Lotto 1971b).  De Lotto (1976) suggests that centre of origin is the southern part of the 
Cape Province of South Africa, where it is parasitised by numerous natural enemies (Smith 
& Compere 1928).  It is a major pest on olive (Olea europaea L. [Lamiales: Oleaceae]) and 
an occasionally important pest on citrus (Citrus L. [Sapindales: Rutaceae: Aurantioideae) in 
Australia (Hely et al. 1882, Smith et al. 1997, Spooner-Hart et al. 2002).  Froggatt (1915) 
mentioned that it was introduced to Australia at a ‘very early date’.  Hely et al. (1982) noted 
that it had been present in New South Wales for a ‘very long time’ and that, during the 1800s, 
it was referred to as ‘black bug’ and ‘turtle scale’.  Hely (1968) noted that it was mentioned 
in an 1866 New South Wales Legislative Select Committee Report.  It was also mentioned 
in The Sydney Morning Herald on 20 March 1868 (Moore 1868) as being present in an 
orchard owned by Mr Pye (Thomas Pye, a citrus grower at Rocky Hall near Parramatta in 
outer Sydney), and in orchards in Queensland in 1870 (The Queenslander, 26 November 
1870).   
 
2.1.2.2. Distribution 
Saissetia oleae has a world-wide distribution (Fig. 2.1) and has attained the status of a 
pest mainly within temperate zones of the northern and southern hemispheres (California, 
Chile, Mediterranean regions, and southern Australia).  In some Mediterranean countries, it 
is the only species of black scale found on olive (Tranfaglia 1977).  It is widely distributed 
in Australian olive production areas (Fig. 2.2) (Spooner-Hart et al. 2002) and occurs in citrus 
[Sapindales: Rutaceae] orchards in coastal and inland regions of New South Wales, Victoria 
and South Australia, and in coastal regions of southeast Queensland and southwest Western 
Australia (Hely et al. 1982, Smith et al. 1997).  Saissetia miranda and Saissetia neglecta had 
not been recorded in Australia prior to the commencement of my studies, but they had been 
recorded elsewhere in Australasia: Saissetia miranda in Fiji (Hodgson & Lagowska 2011) 
and the Cook Islands and Tonga (Williams & Watson (1990), and Saissetia neglecta in Fiji 
and Tonga (Williams & Watson 1990).  Saissetia privigna has not been recorded in 
Australasia (Garcia-Morales et al. 2016).  Samples collected during this study were used to 
determine if Saissetia oleae is the only species of black scale (sensu lato) present in citrus 
orchards and olive groves in Australia. 
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Figure 2.1. World-wide distribution of Saissetia oleae (Plantwise Knowledge Bank: 
http://www.plantwise.org/ KnowledgeBank/PWMap.aspx?speciesID =38422&dsID= 
48204&lo =global). 
 
 
 
 
Figure 2.2. Distribution of Saissetia oleae on citrus in Australia (Smith et al. 1997). 
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2.1.3. Economic importance of black scale 
Larval and adult stages of black scale, particularly the young adults, produce copious 
quantities of honeydew on which sooty mould fungi grow (Quayle 1911, Ebeling 1950, Hely 
et al. 1982, Waller et al. 2007, Chomnunti et al. 2011).  Heavy growth of sooty mould 
reduces photosynthesis and the respiration of trees.  Consequently, the sugar content of the 
fruit may be greatly reduced, and trees with such heavy deposits lose vigour and may shed 
leaves.  Fruit blemished with sooty mould may be unsuitable for sale unless washed (Quayle 
1911, Ebeling 1950, Hely et al. 1982).  Washing fruit to remove sooty mould adds to the 
cost of selling fruit, but the most important impact of the mould is that washing renders the 
fruit more likely to decay (Quayle 1911).  It is impossible for fruit coming in contact with 
the sides of tanks, brushes, elevators and drying racks to escape from abrasions, and these 
abrasions provide entry points for spores of following fungi with which the wash water may 
be infested: blue mould (Penicillium italicum Wahmer [Eurotiales: Trichocomaceae]); green 
mould (Penicillium digitatum Sacc [Eurotiales: Trichocomaceae]); brown rot (Phythiacystis 
citrophthora Smith & Smith Leonian [Peronosporales: Pythiaceae]); cottony rot, watery soft 
rot, stem rot, drop, crown rot and blossom blight (Sclerotinia sclerotinium Lib. [Helotiales: 
Sclerotiniaceae]); grey mould (Botrytis cinera Persoon [Helotiales: Sclerotiniaceae]); and 
black mould (Aspergillus niger Van Tieghem [Eurotiales: Trichocomaceae]) (Quayle 1911). 
In Israel, black scale was first recorded as a pest of olives in the 1920s (Bodenheimer 
1924) and became a prominent pest on olives and secondary pest on citrus by 1965 (Peleg 
1965).  It subsequently became a key pest of citrus through the coastal plain and Yizrael 
Valley in the early 1970s (Podoler et al. 1979a). 
In southern California, in the early 1900s, black scale was ranked as probably the most 
serious pest of fruit in the Orange and Santa Barbara countries of Los Angeles (Quayle 
1911).  Smith & Compere (1928) noted that black scale was the most important pest in both 
the citrus and olive industries in California.  Economic losses caused by the scale in 
California in the late 1970s were estimated to be US $1,049,146 per annum (Anonymous 
1978); approximately US $3 million in 2017.  
In the Mediterranean region, where 95% of the nearly 800 million olive trees of the 
world are grown, black scale is one of three of the most important olive pests, the others 
being olive fruit fly (Bactrocera oleae (Gmelin) [Diptera: Tephritidae]) and olive moth 
(Prays oleae (Bernard) [Lepidoptera: Yponomeutidae] (Tena 2007).  According to 
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Haniotakis (2005), the scale is considered a major secondary pest, occurring throughout the 
region, and causes damage of major economic importance only locally or occasionally.  It 
was previously categorised as a major secondary pest, but its status as an olive pest in the 
Mediterranean region was reduced because of the advances in pest management including 
biological control based of the following parasitoids: Metaphycus helvolus Compere (= 
Aphycus helvolus Compere and Euaphycus helvolus Compere), Metaphycus anneckei 
Guerrieri & Noyes (= Aphycus lounsburyi Howard sensu Timberlake (1916), Metaphycus 
lounsburyi (Howard) sensu Compere (1940)), Metaphycus zebratus (Mercet) Danne & 
Caltagirone (1989), and Metaphycus lounsburyi (Howard) (= Aphycus lounsburyi Howard 
(1898)) and Metaphycus bartletti Annecke & Mynhardt (1972)) [Hymenoptera: Encyrtidae] 
and Scutellista caerulea (Fonscolombe) (= Scutellista cyanea (Motschulsky)) 
[Hymenoptera: Pteromalidae]: see Guerrieri & Noyes (2000) for the a revision of the 
European species of Metaphycus.  Biological control has also proved effective in northern 
and coastal olive groves of California (http://www.ipm.ucdavis.edu/ 
PMG/r583300511.html). 
In Australia, the scale is the most important and widespread olive pest (Spooner-Hart 
et al. 2002, Baker & Hardy 2005, Spooner-Hart et al. 2005), an occasionally important pest 
of citrus in coastal and inland regions of New South Wales, Victoria and South Australia, 
particularly in the lower Murray River region of these states, and a minor pest of citrus in 
coastal regions of southeast Queensland and southwest Western Australia (Hely et al. 1982, 
Smith et al. 1997). 
 
2.1.4. Hosts of black scale 
Black scale has a wide range of hosts, including all commercial varieties of citrus, 
olive, apple (Malus spp. [Rosales: Rosaceae]), gardenia (Gardenia spp. [Gentianales: 
Rubiaceae], oleander (Nerium oleander L. [Gentianales: Apocynaceae]), passionfruit 
(Passiflora edulis Sims [Malpighiales: Passifloraceae]), hibiscus [Hibiscus spp. [Malvales: 
Malvaceae], jacaranda [Jacaranda spp. Lamiales: Bignoniceae], pepper (Piper nigrum L. 
[Piperales: Piperaceae], duranta [Duranta spp. Lamiales: Verbenaceae], grataegus 
[Grataegus spp. Rosales: Rosaceae], erica [Erica spp. Ericales: Ericaceae], sterculia 
[Sterculia spp. Malvales: Sterculiacea], hedera or ivy [Hedera spp., Apiales: Araliaceae] 
(Quayle 1938, Simmonds 1951, Hely et al. 1982, Smith et al. 1997).  
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2.1.5. Biology of black scale 
There are different opinions about the number of developmental stages of Saissetia 
oleae.  Two instar stages were recognised in the studies of Quayle (1911), Flanders (1942a), 
and Ebeling (1959) in California and, in the studies of Bodenheimer (1951) and Avido and 
Harpaz (1969) in Israel.  However, three instar stages were recorded by Argyriou (1963) in 
Greece, Blumberg et al. (1975) in Israel, Morillo (1977) in Spain, Bartlett (1978) in 
California, and Podoler et al. (1979a) in Israel.  I am convinced of the latter view and will 
sought to confirm this during my studies. 
 
2.1.5.1. Morphology  
Quayle (1911), Argyriou (1963) and Morillo (1977) provide morphological 
descriptions of the scale, and most of the following is based on their studies. 
 
Eggs 
The eggs are oval, 0.3 mm long and 0.2 mm wide.  They are pearly-white when first 
deposited, but soon change to a cream colour with a pinkish cast.  As development continues, 
they pass through different shades of pink until shortly before hatching when they gain a 
reddish-orange hue.  Eye spots appear as the embryo develops (Quayle 1911).  
 
Female growth stages 
Female scales are neotenous, i.e., they retain juvenile features (apterous, nymph-like 
appearance and reduced number of instars) (Gullan & Kosztarab 1997).  Podoler et al. 
(1979a) suggest the following developmental stages in females: crawlers (C), first instar 
larvae (L1), second instar larvae (L2), third instar larvae (L3), and the adult female stage, 
which divided into three phases: young females (VF), rubber stage females (RF) and 
ovipositing females (OF) (Fig. 2.3). 
Crawler.  Crawlers are light pink-orange with black eyes, 0.2–0.3 mm long (Broughton 
& Learmonth 2012), oval with a slightly curved dorsal and flat ventral side (Argyriou 1963).  
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The antennae are 6–segmented, and the legs are rather longer than the antennae.  The 
metatarsus bears a long and strong claw equipped with four bristles making up the 
empodium.  There are 16 marginal and four stigmatic setae on either half of its body.  Each 
stigmatic seta grows between two shorter spiny setae.  Beside the marginal ones, numerous 
setae are distributed all over the body, some of them having no fixed position.  There are 
two distinct anal plates surrounding the anal opening.  Each anal plate bears on the apex one 
long, archy seta, one half as long as the length of the body of the larva.  Two small, spiny 
setae (dorsal setae) are set between each archy seta.  Moreover, on the ventral side, there are 
two small slightly spiny setae on each plate, of which one appears near the apex (subapical 
seta) and the other at the centre of the plate (fringe seta of the anal tube) (Argyriou 1963). 
First instar.  First instar females are flat, oval and lightly convex dorsally.  The instar 
is 0.3–0.4 mm long and 0.18–0.20 mm wide before settling and 0.58–0.75 mm long and 
0.20–0.35 mm wide at the end of this stage (Morillo 1977).  They are light pink-orange 
(Morillo 1977), light brown (Quayle 1911), or pale amber (Argyriou 1963) with black eyes 
and antennae that are six-segmented (Quayle 1911, Argyriou 1963, Morillo 1977).  Three 
long, terminal setae grow at the anal plates.  The longer central seta can be used to distinguish 
this instar (Morillo 1977).  The long setae of the anal plates gradually become atrophied and 
disappear by the time of the moult (Argyriou 1963). 
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Figure 2.3. The development of black scale females: on olive eggs, crawlers, first, second 
and third instars (Broughton 2011) and mature female on sweet orange (GAC Beattie). 
 
Second instar.  This instar is 0.62–0.80 mm long and 0.32–0.40 mm wide, pale brown, 
with six-jointed antennae that lack the single, long, terminal seta, a distinguishing 
characteristic of the antennae of the first instar.  Anal plate setae are absent.  During this 
stage, four purple spots appear on the dorsum and a longitudinal ridge commences to develop 
along the median line of the dorsum.  The two ends of this ridge gradually disappear leaving 
a central portion that subsequently forms the bar of the letter H observed on older individuals 
(Morillo 1977).  Argyriou (1963) highlighted some distinguishing characteristics in this 
stage.  Firstly, the plates become more hardened, each bearing four small slightly spiny setae 
on the dorsal side, of which two grow at the apex (apical setae).  The ventral side has three 
distinct setae, of which one is situated at a short distance from the apex (subapical setae) and 
the others on the centre of the plate (fringe setae).  Secondly, on each half of the body, there 
appear more marginal setae (17 marginal setae) while the stigmatic ones remain the same as 
in the previous stage. 
Third instar.  The third instar is 1–1.2 mm long and 0.5–0.6 mm wide at the beginning 
of the stage, later 1.4–1.6 mm long and 0.6–0.8 mm wide.  It is less oval and more convex 
than in the previous stages and has clear H-shaped ridges on the dorsum.  The body is white 
and darkens with age, and the purple spots are larger and darker than those that occur in the 
second instar.  The antennae are seven-jointed (Morillo 1977). There are 21–22 marginal 
setae on each outer half of the body but the number of stigmatic setae is the same as in 
previous stage.  The anal plates become strongly hardened, each comprising five setae on 
the ventral side (two subapical and three fringe setae).  There are seven setae in an anal ring, 
one of which is distinctly shorter than the others (Argyriou 1963). 
Adult female.  After the third moult, there is a rapid increase in size.  The scale becomes 
nearly circular and hemispherical and the dorsal H-shaped ridges become very distinct.  The 
size of the adults is relatively variable being 1.9–5 mm long, 1–4 mm wide and 1.2–2.5 mm 
high.  They have eight-jointed antennae with the third joint being the longest.  As oviposition 
is about to commence, the scale becomes dark, mottled grey, characteristics of the ‘rubber 
stage’.  When oviposition commences, the scale becomes more leathery, and acquires a 
smoother surface.  The scale colour also becomes much darker, finally brilliant and black 
(Morillo 1977).  According to Ebeling (1959), the size of the female adult is rather variable.  
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They are larger on young, vigorous trees and succulent twigs than on older trees and twigs.  
Their size varies with the host plant, being larger on citrus than on olives.  They are smaller 
when crowed against each other than when they are less numerous. 
Male growth stages 
Males are rare (Ebeling 1959, Hely et al. 1982) and not necessary for reproduction 
(Bartlett 1978).  They have only been reported in California (Quayle 1911), Australia 
(Simmonds 1951) and Chile (Gonzalez & Lamborot 1989).  According to Flanders (1970), 
they only occur in humid coastal areas. 
There are seven developmental stages: egg, crawler, first instar, second instar, prepupa, 
pupa and adult (Quayle 1911, Ebeling 1959, Hely et al. 1982) (Fig. 2.4).  They can be readily 
distinguished from female scales after their first moult.  The body of the second instar is 
more elongated than that of the female, and the integument is narrower and light brown.  The 
eyes are visible as dark areas on the front margin.  The male can move positions on the host 
plant.  The puparium is a glassy-like covering formed from the secretion of numerous pores 
on the body surface.  Under this cover, the male goes through prepupal, pupal and adult 
stages.  The prepupa is light brown with red scattered pigment, particularly at the posterior 
end.  The head is reddish with dark red or brown eyes.  The pupa is approximately 1.2 mm 
long and 0.4 mm wide.  It is a similar colour to the prepupal stage, but with more anterior 
pigmentation.  It has a red head and black eyes.  The wing pads are readily apparent and 
extend to the third abdominal segment.  Adult males are 1 mm long, 0.4 mm wide, brown, 
and have a pair of wings (Ebeling 1959, Hely et al. 1982).  The wings are honey-yellow, 1 
mm long and 0.5 mm wide.  The head is dark yellow (Quayle 1911, Quayle 1938, Hely et 
al. 1982).  The antennae are whitish, 10-jointed and 5 mm long (Quayle 1911). Long (8 mm), 
white, caudal filaments project beyond the end of the abdomen. 
 
Distinguishing features 
Smith et al. (1997) noted features that can be used to distinguish juvenile stages of 
Saissetia oleae from juvenile stages of citricola scale (Coccus pseudomagnoliarum 
(Kuwana)), soft brown scale (Coccus hesperidum L.) and hemispherical scale (Saissetia 
coffeae (Walker)).  After the second moult, black scale females can be recognised by a 
characteristic dorsal H-pattern.  However, during oviposition, scales are raised and rounded, 
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and the H-pattern is less clear.  Scale body colours can also be used to distinguish black scale 
from the grey–brown citricola scale and the tan-brown soft brown scale. 
 
 
Figure 2.4. Development of black scale males (1: second instar larva, 2: prepupa; 3: pupa; 
4: adult) (Quayle 1911). 
 
2.1.5.2. Life cycle, dispersal, migration and population dynamics 
Black scale is oviparous and generally parthenogenetic (Argyriou 1963, Blumberg et 
al. 1975, Morillo 1977, Bartlett 1978, Podoler et al. 1979a, Briales & Campos 1986, 
Waterhouse & Sands 2001).  Reports indicate considerable variation in fecundity.  Quayle 
(1911) reported a range of 200–3,000 eggs per female, Quayle (1938) a few hundred to 
4,000, Bodenheimer (1951) 305–1,416, Bibolini (1958) 150–2,500, Ebeling (1959) 2,000, 
Podoler et al. (1979a) a mean of 2,150, Briales & Campos (1986) a mean of 933 ± 150, and 
Smith et al. (1997) about 2,000.  In eastern Spain, Tena et al. (2007) recorded a maximum 
of 2,603 eggs per female on citrus trees, and a maximum of 2,675 on olive trees in spring, 
in contrast to 774 in autumn.   
Tena et al. (2007) recorded significant relationships between fecundity and volume of 
ovipositing females (in both citrus and olive groves in eastern Spain from May 2004 to 
December 2005).  They found that the volume of the females accurately reflected their 
potential fecundity.  The volumes varied with season and location of scales on trees.  Females 
were larger on average in spring than in autumn (12.07 ± 0.47 mm3 compared to 4.52 ± 0.29 
mm3), and females settling on olive twigs were twice as large as than those settling on olive 
leaves (12.79 ± 0.33 mm3 compared to 6.08 ± 1.33 mm3).  In spring, female volume was 
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found to differ according to year (2004 and 2005) but not with crop (olive and citrus).  
Differences in the spring female volume between surveyed years were seen on olives, but 
not on citrus.  My study assessed the relationship between size of black scale females and 
their fecundity on both citrus and olive. 
After hatching, crawlers move from the egg chamber beneath the mother’s body and 
then wander over the surface of the host plant, searching for a suitable location to settle.  
Although it can take up to 36 h, crawlers usually settle within 2–3 h (Bibolini 1958). 
Generally, they prefer to colonise the nearest suitable location to the mother scale.  As a 
result, they tend to form groups with a high, aggregated distribution on host plants (Briales 
& Campos 1988).  Crawlers prefer settling along leaf midribs, mostly towards the petiole on 
the lower surfaces of leaves, in the lower parts of tree canopies (Argyriou 1963, De Freitas 
1972, Orphanidis & Kalmoukos 1970, Podoler 1979a), and on young shoots (Smith et al. 
1997).  In contrast, Tuncyurek (1975, cited in Podoler 1979a), who studied this pest on citrus 
during three years in the Aegean region of Turkey, reported a preference for the upper leaf 
surface. 
The dispersal of the crawlers may happen actively or passively (Pellizzari 1997).  
Active movement of the crawler was explained above.  The most important means of passive 
dispersal is by wind, which can transfer crawlers over large distances (Bibolini 1958, 
Argyriou 1963, Mendel et al. 1984a).  Other means of passive dispersal include rain, farm 
implements, and the transport of young on host plants enabling the crawler to be introduced 
to other locations.  
According to Pellizzari (1997), second and third instar larvae, and sometimes young 
adult females, can disperse in olive groves either in autumn or in the spring, but such 
dispersal normally involves only part of a population.  The migration of the scale is from the 
leaves, where most crawlers initially settle, to young twigs.  Stimuli for these migrations 
may be related to movement to nutritionally and climatically more favourable niches (Briales 
& Campos 1986) or to evolutionary behaviour related to deciduous trees with respect to 
permanent food supply (Ebeling 1959).  Proportions of populations that migrate to twigs of 
olive trees is quite variable.  Bibolini (1958) and Argyriou (1963) considered that only small 
proportions move to the twigs, whereas Rosen et al. (1971), De Freitas (1972), Briales & 
Campos (1986) suggested that the proportions of populations that migrate can be high.  The 
latter authors stated that most adult females reside on twigs of olive trees during oviposition.  
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The number of annual generations of black scale on olive trees varies from one to four.  
In Northern Hemisphere regions (Greece, Spain, California, Israel, Italy, Portugal), summer 
is from June to August but in Southern Hemisphere regions (Australia, Peru, Chile) summer 
is from December to February.  Thus, details about the number of annual generations and 
population dynamics of the scale in the Northern and Southern hemisphere are summarised 
separately below in the text and in Table 2.1 for the Northern Hemisphere. 
 
Northern Hemisphere: univoltine populations   
Israel and Palestine 
There is usually one annual generation of black scale in inland, arid, non-irrigated 
regions and during hot, dry summers on citrus and olive (Quayle 1938, Bodenhelmer 1951, 
Ebeling 1959, Argyriou 1963, Peleg 1965, Blumberg et al. 1975, Podoler et al. 1979a, 
Briales & Campos 1986).  Boderheimer (1951) observed that oviposition in citrus groves in 
Rehovot (31.90ºN, 34.80ºE) in 1934–35 commenced in January and February and increased 
in March and April.  Crawlers began to appear in March.  Peak numbers of crawlers occurred 
during May, but they were present until June or longer.  The larval stages grew little after 
that, and then their development was interrupted by diapause during May to mid-November.  
The scale grew rapidly from mid-November to the end of year.   
According to Peleg (1965) and Blumberg et al. (1975), there was no dispause of 
univoltine scale population in vineyards in Rehovot in 1961–62 and in orange groves in 
nearby Bazra between 1970–71.  In 1961 in Rehovot, oviposition occurred from April and 
to June.  Most neonate crawlers appeared in late May and early June and most of the 
population became young females in September.  Rubber-stage scales first appeared in 
December, but peak numbers occurred in February–March of 1962.  In March 1962, several 
adults began ovipositing, but peak oviposition did not occur until April.  In Bazra, Blumberg 
et al. (1979) recorded a similar oviposition period.  First instar larvae began to appear from 
May to July and second instars from June to November.  Third instar larvae occurred from 
August to February.  Young rubber stage adult females occurred from October to April. 
Podoler et al. (1979a) studied black scale populations in citrus groves in Bené Deror 
(32.83ºN, 35.08ºE) in 1975.  Oviposition started during April to early May.  The crawlers 
then started to appear, with peak numbers occurring in the first half of June (turning from 
crawlrers to the first instar larvae).  They were still present until the end of August.  Second 
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instar larvae were first recorded in mid-May, reached peak numbers in the second half of 
July, and disappeared by mid-September.  Third instar larvae appeared in early June, reached 
peak numbers in mid-June, and disappeared by mid-October.  Adult females appeared in 
June.  The young female population peaked during August, remaining at the most constant 
level until Jannuary before a moderate decline.  Rubber-stage females appeared peaked from 
October through to February before oviposition.  The peak of the oviposition period occurred 
between October and November.  
On unirrigated Merhavia olives in Kibbutz Yavne (31.87ºN, 34.73ºE) during 1961–
62, Peleg (1965) reported that oviposition and crawler appearance between April and June 
was similar to the phenology of the scale in citrus groves in Rehovot.  However, most of the 
population became young females later than in Rehovot, not until February of the following 
year.  In April, most scales were in the rubber stage with oviposition occurring rarely.  A 
month later, all female scales were ovipositing, and the crawlers became immobile. 
 
Spain 
In olive groves in Granada (37.17ºN, 03.58ºW), Biales & Campos (1986) found that 
oviposition occurred later than in Israel, from May until early September, and peaked in 
June.  The first settled crawlers began to appear by June.  Most of the scale population 
consisted of immature stages (mainly second and third instar larvae) in winter. 
 
Greece 
Argyriou (1963) reported that in olive groves in Arcadades, Corfu (39.62ºN, 19.90ºE), 
over three years (1960–1962) oviposition occurred from May to July.  Hatching was 
completed during the first fortnight of August.  Eggs hatched from June to early August.  
Settled first instars occurred in June, and the second and third instar larvae appearing from 
July and August, respectively.  From September to March the population consisted of 
individuals of most of the stages except crawlers.  The largest population in this period was 
the third instar larvae and sexually immature adults.  A small number of first instar larva and 
mature adults carring a few eggs were observed during winter.  Adults continued their 
development until spring, again ovipositing from May (Argyriou 1963). 
Morocco 
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In studies reported by Homriti & Laraichi (1979) found that oviposition in olive groves 
in the Moulay Idriss du Zerhoun region (34.05ºN, 05.52ºW) started towards the end of May 
and peaked during June.  Crawlers peaked in the last week of July.  Second instar larvae 
developed from October onwards.  They remained alive through the winter, and from mid-
February they developed into third instar larvae.  These larvae, non-gravid and ovipositing 
females lived mostly on old branches. 
 
California, United States of America 
Quayle (1938) reported that oviposition in univoltine populations in citrus orchards in 
the interior Riverside-Redlands region (34.07ºN, 117.18ºE) of California started in April, 
with peak oviposition occurring from mid-April to mid-July and continuing until September.  
The young stages of the scale (usually preceding rubber stages) appeared in winter, and they 
developed rapidly in late winter and early spring to become adults.  According to Ebeling 
(1959), in citrus areas of California, except in certain regions close to the coast, black scale 
with one generation per year oviposited mostly by mid-summer (between May and July), 
with the oviposition period lasting from April to September and with most eggs hatching by 
the middle of July.  Incubation of eggs lasted as little as 16 days.  Quayle (1938) recorded 
two larval instars.  The first moult occurred from about one to one and a half months after 
egg hatch, and the second about one month later. 
 
Northern Hemisphere: bivoltine populations 
Argyriou (1963), Peleg (1965), De Freitas (1972), Blumbers et al. (1975), Orphanides 
(1990) and Tena et al. (2007) have reported bivoltine populations or partial second 
generations of black scale in the Northern Hemisphere.  
 
Israel 
In citrus orchards in coastal areas such as Givat Hen (33.17ºN, 34.87ºE) and Herut 
(32.23ºN, 34.90ºE), Blumberg et al. (1975) recorded oviposition in early summer and in 
autumn during from 1973 to 1975.  The proportion of ovipositing females was higher in 
summer generation, and the generations overlapped. 
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Bivoltine populations of the scale were recorded in irrigated olive groves in Kibbutz 
Yavne (31.87ºN, 34.73ºE) by Peleg (1965) in 1961 and 1962.  Most summer-generation 
crawlers settled in June and the first half of July.  In September, the majority of larvae grew 
to be young females.  After rapid development, some young females oviposited during 
October and November.  Other females grew slowly and oviposited over winter and spring.  
Rosen et al. (1971) also reported bivoltine populations in irrigated olive groves in Ein Tzurim 
(32.68ºN, 34.72º) in 1968 and 1969, with oviposition occurring from April to mid-July and 
again from September to late-November.  Crawlers appeared from April to the first half of 
September and from October to Jannuary, 1969.  Larval stages were observed throughout 
the year with peaks in September and February.  Rubber stages occurred between February 
to June, and late-September to January, reaching their highest level in March and October.  
Ovipositing females appeared mainly in spring and autumn. 
 
Spain 
Tena et al. (2007) reported bivotine trends in population development in olive groves 
near Altura, Castellón, Planes and Villar del Arzobispo between 38.73° and 41.13°N, and 
0.15° and 0.82W°, and in citrus groves near Albal, Alcora, Altura, Castellón, Moncófar, 
Museros, Onda, Real de Montroy, Ribarroja, and Xilxes between 39.33° and 40.07°N and 
0.07° and 0.60°W over three-years.  Peak populations occurred in summer (July) when 
crawlers were present.  Populations then declined during the following months due to the 
first larval instar mortality in summer.  The second crawler emergence period was from 
October to March.  Populations during these months were lower than in summer, and more 
variability from year to year.  Second and third instars were the main stages present after the 
overwintering period.  Mortality rates decreased significantly from the first instar to the third 
instar and were higher in citrus orchards than in olive groves.  No significant differences 
were found for mortality on leaves or twigs. 
 
Greece 
Argyriou (1963) reported one complete and a partial second generation of black scale 
in olive orchards in Rovies (38.80ºN, 23.22ºE) and in the coastal areas of Kissamos 
(35.48ºN, 23.65ºE) and Benitsa (39.53ºN, 19.90ºE) from 1960 to 1962.  In Rovies, the first 
crawlers of the first generation appeared in May, completing their life cycle in auturmn.  The 
first mature adults bearing eggs were found in the second fortnight of September.  The first 
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crawlers of the second generation emerged from 21–30 October, but until winter, hatching 
of the summer-autumn brood was observed.  Adults remained alive for a long time, 
spasmodically producing a few crawlers.  The oviposition period and egg hatching of the 
second generation was prolonged and not completed until the next summer. 
Cyprus 
In Cyprus, Orphanides (1990) also recorded one complete generation and partial 
second generation on irrigated olive trees in Akhelia (34.73ºN, 32.48ºE), and on rarely 
irrigated olive trees in Mazotos (34.80ºN, 33.48ºE), and Evrykhou (35.03ºN, 32.90ºE) in 
1984 and 1985.  However, the second scale generation was almost non-existent in the third 
region, while it was more apparent in the second.  Oviposition occurred at the end of March, 
early April, and late-April in Akhelia, Mazotos, and Evrychou, respectively.  Peak 
oviposition occurred in the same order, from late-May to early June, and the duration was 
prolonged, lasting 2.5 to 3 months.  The settled young larvae of the first generation appeared 
during two to three weeks after the onset of oviposition.  In Akhelia, the second oviposition 
period began in early August, peaking in early September whereas, in Mazotos, oviposition 
started later in September.  In all three areas, the scale overwintered as first, second, and 
third instar larvae and young females.  The size of ovipositing females of the second 
generation was smaller than that of the first generation.  Consequently, the number of eggs 
per female was lower in the second generation compared to the first. 
 
California 
In southern California, two annual generations, or one generation and a partial second 
generation, of black scale have been reported by Quayle (1938) and Ebeling (1959) recorded 
in citrus orchards in coastal areas such as Orange County (33.72ºN, 117.82ºW) and Whitter 
(33.97ºN, 118.02ºW); oviposition of the second scale generation occurs in autumn or early 
winter.  Crawlers hatching in late winter may become mature by mid-summer.  
 
Northern Hemisphere: trivoltine populations 
Israel and Florida 
Three overlapping annual generations of black scale were recorded on olives in the 
interior Jezreel Valley (32.62ºN, 35.23ºW) in Israel (Rosen et al. 1971), and on citrus in in 
North centre, Centre, West coast, and East coast Florida (37.67ºN, 81.50ºW) in the United 
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States of America (McCoy & Selhime 1971).  According to McCoy & Selhime (1971), the 
first generation on citrus in Florida in 1967–1968 appeared in spring.  The first instar lavae 
were collected from April and were still abundant in May.  The second appeared from mid-
May to late-June and mature individuals emerged in June.  By mid-July, egg hatching 
occurred.  The first instar larvae of the second generation were observed, being abundant 
during August.  Despite the appearance of some overlap between two generations, the second 
instar larvae of the second generation were found in early August in the east coast areas and 
in all areas by the end of August.  The third generation started appearing in late-October or 
early November, depending on geographical location.  The development of populations was 
observed to be 7–10 days slower in the north central region of the state than in Centre, West 
coast and East coast regions.  Populations of scale were usually more significant in coastal 
regions than in the ridge areas.  Peak scale densities in July were related to overlap of two 
generations, but the first generation was the most injurious (McCoy & Selhime 1971). 
 
Southern Hemisphere 
Australia 
There are usually one and two annual generations of black scale in the southern 
Australia, and up to four in northern Australia (Smith et al. 1997, Waterhouse and Sands 
2001, Spooner-Hart 2002).  In southern areas near Adelaide (34.92°S, 138.60°E) in South 
Australia, Simmonds (1951) reported univoltine populations of black scale with no overlap 
between populations.  Females reached adult stages in early winter (May) and they remained 
quiescent until spring (September) when oviposition occurred.  There was a long period 
during the life cycle (from May to November) without the presence of crawlers.  Smith et 
al. (1997) reported that egg hatching occurred in spring (December–January) in southern 
Australia.  The second scale generation produced fewer eggs.  The life cycle spans 4–8 
months in temperate southern regions (Victoria, South Australia, New South Wales, and 
southern Western Australia), but is shorter in the temperate and subtropical regions of 
southeast Queensland (Smith et al. 1997). 
Broughton & Learmonth (2012) reported that in southern Western Australia, two egg-
laying periods associated with two annual generations of the black scale occur in coastal 
districts.  These periods occur in late summer and autumn (February and April) and then in 
mid and late spring (October and November).  Immature stages are always more abundant 
than mature females.  Populations, mainly of second and third instars, peak in December, 
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approximately one month after an oviposition during in October–November.  A second, 
smaller population peak, again composed mainly of second and third instars, occurs between 
April and June as a result of a oviposition in February–April.  During winter and early spring 
(June–September), all stages of black scale are present.  
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Table 2.1. The development of univoltine populations of black scale in the Northern Hemisphere (summer June to August). 
 
 
 
References Region Latitude & 
Longitude 
Host plants Crawler 1st instar 
larva 
2nd instar 
larva 
3rd instar 
larva 
Young 
females 
Rubber 
females 
Preoviposition 
Bodenheimer 
(1951)  
Rehovot, Israel 31.78ºN 
35.23ºW 
citrus late March-May 
or longer 
Mar-May and mid-Nov-early 
Jan (diapause May-Nov) 
   Jan-early Mar 
Peleg (1965) Kibbutz 
Yavne, Israel 
 
31.87ºN 
34.73º´E 
 
unirrigated 
olive 
May-August 
(mainly May- 
June) 
 
 
May-Sep 
 
 
 Sep-Feb 
 
Feb-Apr 
 
Apr-May 
 
 
Rehovot, Israel  31.88ºN 
34.80ºE 
grape late May-Aug  
 
July-Oct  July-Apr Jan-Apr 
 
Apr-July 
Blumberg et 
al. (1975) 
Bazra, Israel 
 
32.20ºN 
34.87ºE 
orange  May-July June-Nov Aug-Feb Oct-Apr Apr-July 
Podoler et al. 
(1979a) 
Bené Deror, 
Israel  
32.83ºN 
35.08ºE 
orange Apr-Aug 
(peak in June) 
 mid-May-
mid-Sep 
early-
June-mid-
Oct 
June-Feb Aug-Feb Apr-early-May 
Briales & 
Campos 
(1986) 
Granada, Spain 37.17ºN 
03.58ºW 
olive  June-Jan Sep-May Oct-May   May-early Sep (peak 
in June) 
Argyriou 
(1963) 
Arcadades, 
Corfu, Greece 
39.62ºN 
19.90ºE 
olive 
 
 
June-Aug 
 
 
June-early 
Apr 
July-Apr July-May  Sep-July April-July 
Homriti & 
Laraichi 
(1979) 
Moulay Idriss 
du Zerhoun, 
Morocco 
34.05ºN 
05.52ºW, 
olive peak in July  October-
February 
from mid-
February 
  late May 
peak in June 
Quayle 
(1938) 
Riverside-
Redlands, 
California 
34.07ºN 
117.18ºE 
citrus     winter  Apr-Sep 
(mainly May-June) 
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2.1.6. Honeydew and sooty mould 
Honeydew is produced and excreted by black scale (Quayle 1911).  Deposits on plant 
surfaces can lead to heavy growth of sooty mould fungi (Quayle 1911).  Honeydew 
accumulation can lead to asphyxiation of the scales if it is not washed off by rain or overhead 
irrigation, or removed by ants tending the scales (Andrews 1930, Smith 1942, Flanders 
1942b, Flanders 1943c, Flanders 1951a, Nixon 1951, Way 1954, Bess 1958, Way 1963, 
Bedford et al. 1968, Williams & Williams 1980, Jutsum et al. 1981, Bristow 1984, Hank & 
Sadof 1990, Bach 1991, Itioka & Inoue 1996, Gullan 1997, Malumphy 1997, Dao 2012). 
	
	
Figure 2.5. Generalised life cycle of sooty mould fungi (Chomnunti et al. 2014). 
	
Spores of sooty mould fungi of are usually dispersed by wind or rain.  It is unknown 
whether insects serve as vectors, although one species has been isolated from an insect 
(Nelson 2008, He et al. 2013).  Sooty moulds, after germinating on a honeydew-coated 
substrate, grow on the surface and turn the substrate surface black (Hughes 1976, Reynolds 
1999, Nelson 2008), and colonies often fuse with colonies of the same or other species.  
Together, these colonies create biofilms covering entire leaves or even plants (Hughes 1983, 
Laemmlen 2011).  The first reproductive structures to appear are the asexual stages and, 
because of the maturity of the colonies, the sexual states may also develop (Fig. 2.5).  In a 
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study in northern Thailand reported by Chomnunti et al. (2014), found 70% of isolates 
produced only asexual states. 
Sooty moulds can grow under diverse environmental conditions.  They are common 
in warm to tropical regions, and the diversity of species is generally higher in warmer 
climates.  In warm-temperate climates such as Australia and Mediterranean countries, there 
is an abundance of perennial foliage on which the moulds are able to establish during the 
winter, and so the moulds persist from one season to the next (Fraser 1935, Reynolds and 
Gilbert 2005). 
Sooty moulds are considered as plant disease agents because of their negative impacts 
on photosynthesis.  They block sunlight from leaf chloroplasts, thus decreasing energy 
production by plants (Nelson 2008, Laemmlen 2011).  The reduction in photosynthesis by 
sooty moulds leads to lower growth rates thus reducing yields.  Light reaching the leaves 
can be reduced by 50% due to sooty mould colonies on pecan foliage (Carya illinoinensis 
(Wagenth.) K. Koch [Fagales: Juglandaceae]) (Smith & Tedders 1978).  Lemos Filho & 
Paiva (2006) reported similar impacts of sooty moulds on mahogany (Swietenia macrophylla 
King [Sapindales: Meliaceae]).  Santos et al. (2013) showed that fluorescence parameters, 
foliar free gas exchange, and water content on leaves of olive trees were reduced by sooty 
moulds.  They concluded that the decrease of light reaching the leaves causes effects on the 
normal physiological metabolism of the plant (as photosynthesis), with consequences for 
olive fruit production.  When compared to leaves without mould, an increased iron 
concentration was found in olive leaves with mould (Fiori 2001).  Furthermore, the market 
value of fruit or vegetables is reduced by the unattractive appearance of sooty mould (Stover 
1975). 
Jouraeva et al. (2006) showed that significantly higher amounts of polycyclic aromatic 
hydrocarbons (PAHs) and metals were accumulated on leaves of Tilia × ecuchlora K. Koch 
[Malvales: Malvaceae] covered with sooty mould, compared to non-infested leaves of Pyrus 
calleryana Decaisne [Rosales: Rocaceae] under identical environmental conditions.  
According to Aragao et al. (2012), olive leaves infested with sooty mould were found to 
have a metabolic imbalance with a high concentration of Fe+ and low concentration of Ca+, 
and they developed a thin layer of glucose (cyclodextrin) on their surface. 
Flessa et al. (2012), after studying sooty patches on deciduous and evergreen leaves in 
Germany using spread plate culture techniques, and sequencing analysis of ITS rDNA gene, 
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found eight different fungal taxa.  No host-specificity or preference among the fungi 
involved was shown in their study.  In the north of tropical Thailand, Chomnunti et al. (2014) 
found 11 species of sooty mould fungi, many being undescribed species and, as yet, not 
established as host specific. 
 
2.1.7. Mutualistic interactions with ants 
Several species of ants (Hymenoptera: Formicidae) feed on the honeydew produced 
by Saissetia oleae.  This activity disrupts natural control of the scale by arthropods that 
parasitise or prey on it (Smith & Compere 1926, Compere 1940a, Woglum 1942, Smith 
1942, Flanders 1943, Flanders 1950, Snowball & Milne 1973, Milne 1974, Hely et al. 1982, 
Stevens et al. 1998, Marco & Kent 2001, Dao 2012, Dao et al. 2014).  The most documented 
examples are related to the Argentine ant, Linepithema humile (Mayr), in olive groves and 
citrus orchards in California (Woglum 1042, Smith 1942, Flanders 1943, Marco & Kent 
2001).  Broughton & Learmonth (2012) recorded six native species associated with black 
scale in western Australian olive growing regions with Iridomyrmex purpureus (Smith) (syn. 
Iridomyrmex greensladei Shattuck) and Iridomyrmex discors Forel being the most common 
species.  Another common and widespread species associated with the scale in Australia is 
Iridomyrmex rufoniger (Lowne) (syn. Acantholepis mamillatus Lowne, Iridomyrmex 
rufoniger domesticus Forel, and Iridomyrmex rufoniger septentrionalis Forel) (Stevens et al. 
1998, Dao 2012, Dao et al. 2014, 2015): see Heterick & Shattuck (2011) for the most recent 
review of the genus.  More than one species of ant can be found in a single grove such as 
four species occurring at a grove in Beverley, Western Australia (Broughton & Learmonth 
2012).  They are often abundant in bare ground regions and less active in winter on citrus 
(Stevens et al. 1998, Broughton & Learmonth 2012, Dao et al. 2014), reaching minimal 
levels between June and August before increasing again during spring (Stevens et al. 1998, 
Broughton & Learmonth 2012, Dao et al. 2014).  In laboratory experiments with Argentine 
ant and black scale, Marco and Kent (2001) found that Metaphycus hageni would not 
oviposit in black scale or host feed on the scale in the presence of the ant in contrast to but 
55.3% of Metaphycus anneckei females was successfully ovipositing in the scale. 
It is suggested that ants can be vectors of entomopathogenic fungi.  They can vector 
Fusarium wilt of cocoa on their cuticles (Gracia-Garza et al. 1998) and Lecanicillium 
longisporum (Petch) Zare & Gams [Hypocreales: incertae sedis] to the black bean aphid, 
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Aphis fabae Scopoli, leading to significant decline of populations of the aphid due to fungal 
infection (Flower 2002).  In addition, in laboratory studies, Bird et al. (2004), after observing 
Lecanicillium longisporum conidia on the tarsi, antennae and mandibles of Lasius niger L., 
showed that the ant was not susceptible to infection and workers artificially contaminated 
with conidia resulted in 68.3, 30.8 and 3.7% infection of aphids under laboratory, semi-field 
and field conditions, respectively.  Recently, Dao (2012) and Dao et al. (2014) reported 
transport of conidia of the red-headed fungus, Microcera coccophila Desm. (Hypocreales: 
Nectriaceae), a pathogen of armoured scales, by Iridomyrmex rufoniger in laboratory 
experiments, and epizootics caused by Microcera coccophila and Microcera larvarum 
(Fuckel) Gräfenhan, Seifert & Schroers leading to the decline of red scale populations in 
citrus orchards on the Somerby Plateau near Sydney.  
 
2.1.8. Influences of biotic and abiotic factors 
Climate has fundamental influences on black scale populations, mainly on the first 
instar, and mortality may reach 99% at the active crawler stage.  Such high mortality is a 
consequence of wind, heavy rain, solar radiation, and extreme temperatures (Bibolini 1958, 
Argyriou 1963, Mendel et al. 1984).  When black scale crawlers settle, summer temperatures 
over 30 ºC and a relative humidity below 30% can result in over 80% mortality (De Freitas 
1972, Pucci et al. 1982).  Winter, with low temperatures, can also influence populations.  
According to Pucci et al. (1982), at ambient temperatures below 3 ºC, mortality of the first 
instar was over 90%, and Canard & Laudeho (1977) considered that almost all eggs and 
crawlers hatching during winter are killed.  Mortality due to abiotic factors reduces with the 
scale age.  At temperatures below 0 ºC, mortality of second and third instars ranges from 10 
and 50% depending on location and prevailing conditions.  Adult females were found to 
have the most tolerance to low temperatures (Argyriou 1963, De Freitas 1972, Pucci et al. 
1982, Paparatti 1986).  Heavy rain, over 35 mm within 14 days, can lead to nearly 50% of 
mortality of the first instar at 22–29 ºC and 80% at unfavourable temperatures (Pucci et 
al.1982).  
Excessive plant density, lack of pruning, excessive irrigation and applications of 
nitrogen fertilisers may contribute to the development of the scale.  Irrigation and nitrogen 
fertilisers can improve the physiological condition of the host plant and particularly favour 
the growth of the second generation of the scale, leading to greater scale problems (Pellizzari 
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1997).  This study assessed the effects of foliar nitrogen concentrations on the development 
of black scale.  This is discussed in Section 2.11 below. 
 
2.1.9. Biological control of black scale 
Since the introduction of Rhyzobius ventralis (Erichson) to California at the end of the 
19th century (Bartlett 1978), biological control of black scale in citrus orchards and olive 
groves has been carried out around the world with variable success (Mendel et al. 1984b, 
Lampson & Morse 1992, Argov & Rõssler 1993, Waterhouse & Sands 2001).  Two 
successful strategies for biological control have been the introduction of a complex of 
parasitoids and predators rather than just a single species (Mendel et al. 1984b, Gonzalez & 
Lamborot 1989, Orphanides 1993, Waterhouse & Sands 2001) and the rearing and 
augmentative release of parasitoids of the genus Metaphycus (Graebner et al. 1984, Daane 
et al. 1991). 
Prior to the 1960s, several natural enemies, mainly parasitoids from South Africa, were 
imported to the Mediterranean Basin to improve the biological control of the scale (Tena 
2007).  In Israel, 17 species of natural enemies were introduced and released from 1975 to 
1982 (Argov & Rossler 1993).  In California, over 50 parasitoids have been introduced from 
many regions around the world, with about 20 species becoming established (Lampson & 
Morse 1992).  In Egypt, the rearing of Metaphycus lounsburyi has been used for 
augmentative biological control of black scale (Abd-Rabou 2004) and, in Europe, 
Metaphycus species were reared for the biological control of the black scale in ornamentals 
(EPPO 2010).  Broughton & Learmonth (2012) noted that the most successful programs 
worldwide involved Metaphycus spp. and Scutellista caerulea. 
Since 1902, black scale has been the topic of biological control projects in the 
Australian citrus industry (Smith et al. 1997).  From 1902 to 1947, 24 species of natural 
enemies (22 parasitoids and two predators) were imported and released.  Today, 13 of these 
parasitoids are regarded as permanently established, and they satisfactorily control the pest 
(Waterhouse & Sands 2001).  The most important beneficial species in Australia are 
parasitoids from southern Africa.  These are: Metaphycus helvolus, Metaphycus lounsburyi 
and Scutellista caerulea. 
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2.1.10. Natural enemies of black scale  
Natural enemies of black scale include primary parasitoids (Table 2.2), predators, 
entomopathogens, particularly Lecanicillium lecanii (Zimmerman) Zare & W. Gams 
[Hypocreales: incertae sedis], and some species of ant (Quayle 1911, Compere 1925, Smith 
& Compere 1928, Compere 1931a,b,c, Compere 1939a,b, Compere 1940a,b, Bartlett 1978, 
Kennett 1986, Williams 1996, Lampson & Morse 1996, Smith et al. 1997, Malipatil et al. 
2000, Bernal et al. 2001, Waterhouse & Sands 2001, Noguera et al. 2003, Tena & Garcia 
2006, Broughton & Learmonth 2012).  Hyperparasitoids are listed in Table 2.3.  This study 
focused on confirming the presence and distributions of primary and secondary parasitoids 
of Saissetia oleae in Australia. 
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Table 2.2. Primary parasitoids of black scale. * Recorded in Australia. 
Order and 
Family 
Species First record in association with black scale Occurrence and distribution in Australia 
Hymenoptera    
Aphelinidae Coccophagus anthracinus Compere Compere (1925) as Coccophagus anthracinus  
Coccophagus bivittatus Compere Compere (1931c) as Coccophagus bivittatus  
Coccophagus brasiliensis (Compere) Compere (1939) as Aneristus brasiliensis  
Coccophagus coracinus Compere Compere (1940a) as Coccophagus coracinus  
Coccophagus flavidus Compere Compere (1940a)  
Coccophagus longifasciatus (Howard) Smith & Compere (1928)  
Coccophagus mexicensis Girault Bartlett (1978)  
Coccophagus nubes (Compere) Smith & Compere (1928)  
Coccophagus ochraceus Howard Howard (1895)  
Coccophagus oculatipennis (Girault) Girault (1916a)  
Coccophagus pallidiceps (Compere) Compere (1939a)  
Coccophagus probus (Annecke & Mynhardt) Annecke & Mynhardt (1979)  
Coccophagus saintebeauvei Girault Girault (1917)  
Coccophagus spectabilis (Compere) Compere (1931c)  
Coccophagus subochraceus (Howard) Howard (1907)  
Coccophagus varius (Silvestri) Annecke & Mynhardt (1979)  
Encyrtidae Aloencyrtus obscuratus (Waterston) Compere (1940a)  
Aloencyrtus saissetiae (Compere) Compere (1939b)  
Bothriophryne fuscicornis Compere Mendel et al. (1984b)  
Diversinervus cervantesi (Girault)  Mendel et al. (1984b)   
Diversinervus elegans Silvestri* Silvestri (1915) QLD, NSW (Malipatil et al. 2000) 
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Diversinervus masakaensis Compere Compere (1940)  
Diversinervus smithi Compere Compere (1940)  
Encyrtus aurantii (Geoffroy)* Argov & Rössler (1988) QLD, NSW, VIC (Malipatil et al. 2000) 
Encyrtus fuliginosus Compere Compere (1940)  
Encyrtus infelix (Embleton)* Bartlett (1978) QLD 
Metaphycus anneckei Guerrieri & Noyes* Timberlake (1916), Smith & Compere (1928), 
Compere (1940): see Guerrieri & Noyes (2000) 
NSW, VIC, SA, WA (Malipatil et al. 2000) 
  
Metaphycus flavus (Howard) Thompson (1954)  
Metaphycus helvolus (Compere)* Compere (1926) QLD, NSW, VIC, SA, WA (Malipatil et al. 2000) 
Metaphycus lounsburyi (Howard)*  Howard (1898) VIC, SA (Malipatil et al. 2000) 
Metaphycus luteolus (Timberlake)*  Timberlake (1916), Flanders (1969) WA (Broughton & Learmonth 2012) 
Metaphycus inviscus Compere* Compere (1940b) NSW, VIC, SA (Malipatil et al. 2000) 
Metaphycus natalensis Compere Smith & Compere (1928), Compere (1940)  
Microterys nietneri (Motschulsky)* Peck (1963) QLD, NSW, VIC, SA, WA, (Malipatil et al. 2000) 
Metaphycus stanleyi Compere Compere (1940b), Bernal et al. (1999a)  
Microterys kenyaensis Compere Compere (1940a)  
Eriaporidae Euryischomyia flavithorax Girault & Dodd* Carver (1995) QLD, NSW, VIC, SA, WA, ACT (Malipatil et al. 2000) 
Pteromalidae Anisopteromalus calandrae (Howard) Lal & Naji (1979), Benkhellat et al. (2015)  
Cephaleta brunniventris Motschulsky Smith & Compere (1928)  
Moranila californica (Howard)* Quayle (1911) QLD, NSW, VIC, SA (Malipatil et al. 2000) 
Scutellista caerulea (Fonscolombe)* Howard (1900) QLD, NSW, VIC, SA (Malipatil et al. (2000) 
Scutellista nigra Mercet Mercet (1910)  
32 
 
 
 
Table 2.3. Hyperparasitoids of black scale.  * Recortded in Australia. 
 
 
Order and 
Family 
 Species Reference Occurrence and distribution in 
Australia 
Hymenoptera: 
Aphelinidae 
   
  Ablerus perspeciosus Girault Mendel et al. (1984b): but record may relate to armoured scales  
 Coccophagus basalis Compere Compere (1939a). Flanders et al. (1961)  
 Coccophagus baldassarii Compere Compere (1931a) as Coccophagus baldassarii  
 Coccophagus fallax Compere Compere (1939a)   
 Coccophagus caridei (Brèthes) De Santis (1938), Compere (1939a), Flanders (1939, 1959, 1967)  
 Coccophagus ceroplastae (Howard)* Smith & Compere (1928) as Aneristus ceroplastae, Flanders (1959, 1967), 
Doutt et al. (1976)  
QLD, NSW, VIC, SA (Malipatil et al. 
2000, Smith et al. 2004b) 
 Coccophagus capensis Compere Smith & Compere (1926), Flanders (1936a, b, 1937, 1953a, 1959, 1967)   
 Coccophagus cowperi Girault Flanders (1953a, 59, 67), Argov & Rossler (1993),  
 Coccophagus lycimnia (Walker)* 
 
Timberlake (1913), Bartlett (1978), Flanders (1936a, b, 1937, 1942b, 1953a, 
1959, 1967, 1969), Rubin and Beirne (1975)  
QLD, NSW, VIC, SA (Peck 1963, 
Malipatil et al. 2000)  
 Coccophagus nigritus Compere Compere (1940)  
 Coccophagus philippiae (Silvestri) Smith & Compere (1928), Compere (1931a), McDaniel & Moran (1972)   
 Coccophagus pulchellus Westwood Argyriou. et al. (1976a)  
 Coccophagus pulvinariae Compere Compere (1940a), Flanders (1953a, 1959, 1967)  
 Coccophagus rusti Compere Smith & Compere (1928), Flanders (1939b, 1959, 1967, 1969)   
 Coccophagus scutellaris (Dalman) Flanders (1937, 67,69), Paraskakis et al. (1980), William (1996), Daane et al. 
(1991) 
 
 Coccophagus semicircularis (Förster)* Smith & Compere (1928), Flanders (1936a, b, 1927, 1953a, 1959, 1967), 
Walter (1983) 
QLD, NSW, VIC, SA (Malipatil et al. 
2000) 
 Coccophagus yoshidae Nakayama    
 Lounsburyia trifasciata (Compere) 
 
Compere (1925), Flanders (1967, 1969)  
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 Marietta mexicana (Howard) Yanosh (1980), Lampson & Morse (1992), Bernal et al. (2001),   
 Marietta leopardina Motschulsky Mendel et al. (1984b) 
 
 
 Marietta picta André Carrero et al. (1977), Noguera et al. (2003), Tena (2008)  
 Myiocnema comperei Ashmead* 
 
Ashmead (1900): a hyperparasitoid (Smith & Compere 1928, Malipatil et al. 
2000) 
 
QLD, NSW, VIC, SA, WA 
(Malipatil et al. 2000) 
Eulophidae 
 
 Aprostocetus minutus (Howard) Kennett (1986), Lampson & Morse (1992) 
Lampson & Morse (1992) LaSalle (1994), Bernal et al (2001). 
 
 Baryscapus ceroplastophilus Domenichini Mendel et al. (1984)  
 Tetrastichus injuriosus Compere Smith & Compere (1928), Compere (1931a, 1940a)  
  Baryscapus sp  Noguera (2003), Tena (2007) 
 
 
Eupelmidae 
 
 Brasema inyoensis (Girault) Smith & Compere (1928), Lampson & Morse (1992)  
 Eupelmus coccidivorus Gahan Compere (1939a)  
 Lecaniobius cockerellii Ashmead Smith & Compere (1928)   
  Lecaniobius utilis Compere Compere (1939a);  Huffaker & Kennett (1966) 
 
 
Encyrtidae 
 
 Ammonoencyrtus californicus (Compere) Compere (1925), Lampson & Morse (1992), Prinsloo (1997), Bernal et al. 
(2001) 
 
 Cerchysius sp. Quayle (1911)  
 Cheiloneurus inimicus (Compere) 
 
Compere (1925), Quayle (1938), McCoy & Selhime (1970), Kennett (1986), 
Lampson & Morse (1992) 
 
 Cheiloneurus lineascapus (Gahan) Smith & Compere (1928), Gordh (1979), Trjapitzin & Zuparko (2005)   
 Cheiloneurus noxius Compere Smith & Compere (1928), Quayle (1938), Le Pelley (1937), Weseloh (1969), 
Kennett (1986), Lampson & Morse (1992) 
 
 Cheiloneurus obscurus Silvestri Compere (1931a)  
 Cheiloneurus paralia Walker 
 
Mendel et al. (1984)  
 Coccidoctonus dubius (Girault)* 
 
Girault (1925), Smith & Compere (1928), Noyes (1988), Prinsloo (1997), 
Bernal et al. (2001), Broughton & Learmonth (2012) 
QLD, NSW, SA, WA (Noyes & Hayat 
1984, Noyes 1988, Malipatil et al. 2000) 
 Gahaniella saissetiae Timberlake Compere (1939a)  
 Tremblaya minor Silvestri 
 
 
 
 
Compere (1931a)  
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Pteromalidae 
 
   
 Conomorium patulum (Walker) Carrero et al. (1977)  
 Moranila californica (Howard)* Quayle (1911), Smith & Compere (1928) QLD, NSW, VIC, SA (Berry 1995, Loch 
1997, Malipatil et al. 2000)  
 Moranila comperei (Ashmead) Smith & Compere (1928), Boucek (1988)  
 Pachyneuron aphidis (Bouché) Lal & Naji (1979)  
 Pachyneuron muscarum (Linnaeus) Mendel et al. (1984b)  
  Pachyneuron sp. Noguera (2003), Tena (2007)  
Signiphoridae  Chartocerus niger (Ashmead) Smith & Compere (1928)  
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2.1.10.1. Primary parasitoids of black scale in Australia 
Aphelinidae 
Coccophagus ceroplastae (Howard) 
Coccophagus ceroplastae was described as Aneristus ceroplastae by Howard (1895).  
It is an alloparasitoid: females are primary endoparasitoids of homopterous hosts and males 
are endoparasitic and hyperparasitoids on other species (Flanders 1959, 1967, Doutt et al. 
1976, Walter 2008).  It was first recorded on black scale by Smith & Compere (1928) and is 
widely distributed through Afrotropical, Australia Pacific, Neartic, Neotropical, Oriental and 
Paleartic regions (Smith & Papacek 2001).  It was introduced into Australia from Hawaii to 
control Ceroplastes rubens Maskell in 1901 (Wilson 1960).  Host other than Saissetia oleae 
and Ceroplastes rubens include include Ceroplastes floridensis Comstock, Coccus 
hesperidum, Coccus longulus (Douglas), Coccus pseudomagnoliarum, Coccus viridis 
(Green), Parasaissetia nigra (Nietner), Pulvinaria polygonata Cockerell, Pulvinaria 
urbicola Cockerell and Saissetia coffeae (Malipatil et al. 2000, Smith & Papacek 2001). 
Female Coccophagus ceroplastae are 0.8–1.2 mm long, variable in colour (Compere 
1936), usually black with metallic reflections, sometimes brownish and nonmetalic with 
orange markings.  The fore wings appear with infuscation limited to the space beneath the 
marginal vein and extending convexly outward a short distance beyond the stigma.  The 
tibiae of middle legs are extensively yellowish or whitish apically.  The first funicle segment 
is distinctly longer than wide.  The mesoscutum is black or dark-brown without yellow or 
white markings.  The scutellum has three pairs of setae (Malipatil et al. 2000).  The males 
are 0.8–1.0 mm long and similar to females, except for their forewings that are not distinctly 
infuscate (Malipatil et al. 2000).  There appears to be no record related to the developmental 
biology of Coccophagus ceroplastae on Saissetia oleae.   
Coccophagus lycimnia (Walker) 
Coccophagus lycimnia is a facultive autoparasitoid.  Females are primary parasitoids 
and males hyperparasitoids of citrus scales (Flanders 1937, 1959, 1969, Rosen 1966, Bernal 
et al. 2001).  It was imported into Australia from California in 1907 to control Coccus 
hesperidum (Smith et al. 1997).  It has been recorded in Afrotropical, Australian/Pacific, 
Europe, Neartic, Neotropical, Oriental and Paleartic regions of the world (Noyes 1998).  It 
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has been recorded at locatities in South Australia, Victoria, New South Wales, and 
Queensland (Malipatil et al. 2000). 
In addition to Coccus hesperidum and Saissetia oleae, hosts of Coccophagus lycimnia 
include Aonidiella citrina, Ceroplastes floridensis, Ceroplastes sinensis del Guercio, Coccus 
hesperidum, Coccus pseudomagnoliarum, Coccus viridis, Icerya purchasi Maskell, 
Lepidosaphes beckii (Newman), Parasaissetia nigra, Parlatoria pergandii Comstock, 
Planococcus citri (Risso), Pulvinaria polygonata, Saissetia coffeae, Pseudococcus 
longispinus (Targioni Tozzetti) and Saissetia oleae (Malipatil et al. 2000), 
Parthenolecanium persicae (Fabricius) (Williams & Kosztarab 1972), Parthenolecanium 
pruinosum (Rakimov et al. 2015), Parthenolecanium corni (Bouché), Pulvinaria vitis 
(Linnaeus) (Hoffmann 2002).  In Australia, it has been reared from Coccus hesperidum, 
Coccus pseudomagnoliarum, Pseudococcus longispinus and Saissetia oleae (Malipatil et al. 
2000). 
Coccophagus lycimnia females are 0.8–1.3 mm long and generally black.  The 
scutellum is yellow except for a narrow basal area.  The coxae are black and tronchanters 
yellowish, femora black, tipped with yellow on both ends.  The forewings are completely 
hyaline.  The scutellum has three pairs of setae.  Males are 0.8–1.1 mm long and black.  The 
scutellum is entirely black and most fore tibiae entirely blackish (Malipatil et al. 2000). 
Myartseva & Ruiz-Cancino (2011) recorded key characteristics of the species in Mexico 
with the first knuckle funicular antennal being the longer and leg colour being showed (Fig. 
2.6). 
 
 
Figure 2.6.  Coccophagus lycimnia legs and antenna (Myartseva & Ruiz-Cancino 2011). 
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In Florida, it was found that Coccophagus lycimnia most frequently parasited the 
second-stage larvae and non-gravid females of black scale mainly in second generation 
through August and September 1967 (McCoy & Selhime 1971).  There appears to be no 
record related to the developmental biology of Coccophagus lycimnia on Saissetia oleae. 
Coccophagus semicircularis (Förster) 
Coccophagus semicircularis females are primary endoparasitoids and males are 
secondary ectoparasitoids of citrus scale insects including black scale (Prinsloo 1984).  It is 
present within certain countries in Afrotropical, Neutropical and Palaearctic regions and was 
imported into Australia for the control of Coccus hesperidum (Smith et al. 1997).  Hosts 
other than Coccus hesperidum cited by Noyes (2012) and Ben-Dov et al. (2010) include 
Eulecanium coryli, Parthenolecanium corni (Bouché), Parthenolecanium persicae 
(Fabricius), Pulvinaria betulae (L.), Pulvinaria regalis Canard, Pulvinaria vitis (L.), 
Rhizopulvinaria artemisiae (Signoret), and Sphaerolecanium prunastri (Fonscolombe).  It 
has been recorded from Coccus hesperidum, Coccus pseudomagnoliarum and Saissetia 
oleae in Australia (Malipatil et al. 2000) and is present in South Australia, Victoria, Western 
Australia, inland and coastal regions of New South Wales, and in Queensland. 
Coccophagus semicircularis females are 0.9–1.4 mm long and similar to Coccophagus 
lycimnia females, except that the head and body are black aside from the scutellum which is 
yellow.  The legs are whitish except for the middle and hind coxae and hind femur, which 
are black.  The scutellum is about as densely setose as the mesoscutum.  Males are 0.8–1.1 
mm long and are similar in colour to the females except for the scutellum which is black.  
The scutellum is similar to that of the female, is about as densely setose as the mesoscutum 
(Malipatil et al. 2000).  There appears to be no record related to the developmental biology 
of Coccophagus semicircularis on Saissetia oleae. 
Euryischomyia flavithorax Girault & Dodd 
Euryischomyia flavithorax is a native, primary endoparasitoid of immature stages of 
black scale (Baker & Hardy 2005) and possibly a hyperparasitoid of some aphid species 
(Carver 1995).  It is widely distributed in South Australia, Victoria, New South Wales, 
Australian Capital Territory, Western Australia, and Queensland (Girault 1916b, Carver 
1995, Malipatil et al. 2000, Baker & Hardy 2005).  Soft scale hosts other than Saisettia oleae 
include Ceroplastes rubens, Coccus hesperidum, Coccus longulus, Saissetia coffee, 
Pulvinaria urbicola (Malipatil et al. 2000, Smith & Papacek 2001).  
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Females are 1.3–1.8 mm long, generally yellow with brown patches.  The petiole and 
gaster are blackish, the legs are whitish or yellow with dark-brown apical tarsal joint.  The 
forewings are hyaline and about three times as long as wide.  The costal cell and disc are 
bare.  Each maxillary and labial palp is two segmented.  The males are 1.1–1.3 mm long and 
similar to females except petiole and gaster that are generally yellow with three dark brown 
bands across about middle on gaster (Malipatil et al. 2000).  
 
Encyrtidae 
Diversinervus elegans Silvestri 
Diversinervus elegans is a gregarious, polyphagous, biparental endoparasitoid of black 
scale (Rosen 1967, Avidov & Harpaz 1969, Avidov 1970, Bartlett 1978).  It was first 
recorded in Eritrea in association with black scale north-eastern Africa by Silvestri (1915).  
It was introduced to Australia from Uganda and Kenya in 1935–1938 for the control of 
Ceroplastes destructor Newstead (Wilson 1960, Broughton & Learmonth 2012) and has 
been recorded in Western Australia, South Australia, New South Wales, and Queensland 
(Peck 1963, Noyes & Hayat 1994, Malipatil et al. 2000, Baker & Hardy 2005, Broughton & 
Learmonth 2012).  Hosts other than Saissetia oleae and Ceroplastes destructor include 
Ceroplastes floridensis, Ceroplastes rubens, Coccus hesperidum, Coccus 
pseudomagnoliarum, Coccus viridis (Green), Parasaissetia nigra and Saissetia coffeae 
(Malipatil et al. 2000). 
Diversinervus elegans parasitises larval and adult black scale (Rosen et al. 1971, 
Bartlett 1978, Mendel et al. 1984b, Baker & Hardy 2005, Broughton & Learmonth 2012).  
Mendel (1984b) noted that parasitism does not prevent black scale from ovipositing since 
up to 75% of host eggs can be found under parasitised gravid female hosts. 
Adult, female Diversinervus elegans are 1.7 mm long and are generally brownish 
orange.  Their claval segments are blackish, the mesoscutum is broad with a transverse, 
metallic green band.  The forewings are distinctly darkened in a pattern.  The head is peculiar 
in shape with a sunken face separated from the vertex by a distinct transverse ledge.  The 
mesoscutum and scutellum each bear a tuft of stiff bristles (Malipatil et al. 2000). 
The males are about 1.5 mm long.  The head and body are black with a strong metallic 
green lustre.  The antennae are brown except for the scape which is pale.  The antennae are 
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long and slender with long hairs, funicle segments narrowed at ends.  The thorax appears 
without tuffs of bristles as in females (Malipatil et al. 2000). 
The developmental stages include eggs, three instar larvae, prepupae, pupae and adult 
(Bartlett & Medved 1966).  Its developmental duration is quite long, approximately 20 days 
or more at 27ºC (Bartlett & Medved 1966), but sometimes pupae remain quiescent in dead 
hosts for longer periods before emergence (van den Bosch et al. 1955).  The life cycle at 
23.9 ºC takes 18–21 days: eggs five days, feeding larvae six days, non-feeding larva two 
days (eight days total for three lavae stages), prepupae two days, pupae 4–6 days (Bartlett et 
al. 1979).  Diversinervus elegans females host-feed extensively on immature scales.  The 
longevity of females can be as long as 70 days, and they can survive at low relative humidity 
thus enabling them to tolerate extreme climates (Avidov 1970).  
Diversinervus elegans has a peculiar habit of laying its stalked eggs through the anus 
of the scale into the lumen of the intestinal tract of the host.  Females may lay up to 148 eggs 
per day (Avidov 1970).  Bartlett & Medved (1966) recorded a single generation of the 
parasitoid in the single-brooded population of black scale on citrus in California and up to 
four in the uneven brooded population of the scale elsewhere in the state. 
Encyrtus aurantii (Geoffroy) 
Encyrtus aurantii, original described as Cynips aurantii Geoffroy (1785), is an 
endoparasitoid (Prinsloo 1984).  Coccid hosts other than Saissetia oleae include Coccus 
hesperidum, Coccus pseudomagnoliarum, Coccus viridis, Parasaissetia nigra, Saissetia 
coffeae, Planococcus citri (Risso)?, Pseudococcus longispinus? (Malipatil et al. 2000) and, 
according records and authors cited by Lotfalizadeh (2010) and current systematics 
(Gertsson 2008, Ben-Dov et al. 2010), Eulecanium tiliae (L.) (syn. Eulecanium coryli L.) 
and Sphaerolecanium prunastri (Fonscolombe). 
Encyrtus aurantii females are 1.6–3.0 mm long.  The head, thorax and propodeum are 
yellowish-brown to orange-brown.  The gaster and antennae are blackish but the scape is 
largely white.  The legs are brownish except fore and hind coxae and hind tarsi being whitish.  
The ovipositor does not protrude at the apex of the abdomen.  Males are 1.3–2.0 mm long 
and are similar in colour to females.  However, the lower part of their face is white, and their 
legs and antennae are basicaly paler than in females (Malipatil et al. 2000).  It occurs in some 
Afrotropical, Australian/Pacific, Neartic, Neotropical, Oriental and Paleartic countries.  In 
Australia, it has been recorded from Coccus hesperidum at Irymple in Victoria, Sydney and 
40 
 
Warrawee in New South Wales, and at Mundubbera and Wallaville in Queensland (Malipatil 
et al. 2000).  There appears to be no record related to the developmental biology of Encyrtus 
aurantii on Saissetia oleae.   
Encyrtus infelix (Embleton) 
Encyrtus infelix was originally described as Cornys infelix (Embleton 1902).  It is a 
solitary uniparental endoparasitoid of soft scales (Mendel et al. 1992).  Hosts other than 
Saissetia oleae include Ceroplastes destructor, Ceroplastes rusci L., Coccus hesperidum, 
Coccus madagascariensis Targioni Tozzetti, Protopulvinaria pyriformis (Cockerell), 
Pulvinaria innumberabilis (Rathvon), Pulvinaria urbicola (Cockerell), Saissetia coffeae, 
and Saissetia nigra (Ben-Dov et al. 2010).  It occurs in countries within the Afrotropical, 
Australian/Pacific, Neartic, Neotropical, Oriental and Paleartic regions (Noyes 1998).  In 
Australia, it has been recorded from Coccus hesperidum (Malipatil 2000).  
Encyrtus infelix females are 1.8–2.2 mm, with yellow brown heads and yellowish 
scapes.  Their thorax and propodeum are yellowish and brown.  The mesosternum is 
yellowish-brown, the gaster is blackish, and the fore and hind coxae are white.  The genae 
are sparsely pilose.  The setae are short and not as long as those on vertex.   Males are 1.6–
1.9 mm long, generally as in females (Malipatil et al. 2000). 
There appear to be no records related to the developmental biology of Encyrtus infelix 
on Saissetia oleae aside from that of Blumberg & Goldenburg (1991) who observed that 
whilst the wasp did not refrain from ovipositing in young and preovipositing females of 
Saissetia offeae, Coccus hesperidum, Parasaissetia nigra, Protopulvinaria pyriformis and 
Pulvinaria urbicola it was not attracted for oviposition by Saissetia oleae. 
Metaphycus anneckei Guerrieri & Noyes  
Metaphycus anneckei (Aphycus lounsburyi Howard sensu Timberlake (1916), 
Metaphycus lounsburyi (Howard) sensu Compere (1940)) is a primary, arrhenotokous 
endoparasitoid.  According to Guerrieri & Noyes (2000), ‘For some reason, Timberlake (1916) 
misidentified, as lounsburyi, a series reared in South Africa from the same host as the type series, although the 
females were much larger (1.4 mm long, compared to 0.7 mm) and differed in a number of other characters.  It 
is likely that Smith & Compere (1920, 1928) and other authors of that time based their identification of 
lounsburyi on Timberlake’s misidentified material, which was then followed by subsequent anthors, notably 
Annecke & Mynhardt (1971).’ 
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It is native to southern Africa from where it has been introduced into Europe, Australia 
and the New World (as Metaphycus lounsburyi) and now occurs in Portugal, Spain, Italy, 
Greece, Cyprus, South Africa, Iran, Israel, Australia, New Zealand, California in the United 
States of America, Mexico, Peru, Chile, Uruguay, Argentina, and Hawaii (Guerrieri & 
Noyes 2000).  It is widely distributed in Australia where it has been recorded in in Western 
Australia, South Australia, Victoria, and New South Wales (Malipatil et al. 2000).  Hosts, in 
addition to Saisettia oleae, include Coccus hesperidum, Saisettia miranda and Waxiella 
mimosae (Signoret) (Guerrieri & Noyes 2000). 
Eggs of Metaphycus anneckei are 0.2 mm long, 0.075 mm wide, double–bodied, 
including two bulbous enlargements linked by a slender tube-like neck.  The pedicel is 
shorter than the egg body.  The eggs are usually found close to the periphery of the host, 
stalked through the derm from beneath.  The newly hatched larva is 0.5 mm long and 0.12 
mm wide.  The body has thirteen segments of almost uniform width.  The head is slightly 
narrower than the first segment.  The skin is smooth, white and transaparent.  The mature 
larva is 0.9 mm long with discernible body segments of which the first nine are more distinct 
than the remiander.  When fully fed, the larva enters the prepupal stage and the larval 
structure becomes gradually obliterated.  The pupae are white at first, and then darken (Smith 
& Compere 1928: with the parasitoid cited erroneously as Metaphycus lounsburyi). 
Metaphycus anneckei females are 1.2–1.7 mm long, yellowish to orange-brown, with 
an orange frontovertex, a whitish face, a dark-brown occiput and a largely whitish pedicel.  
The first three funicle segments are dark-brown, the pronotum is white and the meroscutum 
is orange.  The axillae are white with apex infuscate.  Its sides and the venter of thorax are 
white.  The legs are mostly pale yellow.  The tibiae are pale with each having two or three 
dark-brown bands.  The forewings are hyaline (Malipatil et al 2000).  
Metaphycus anneckei males are 0.9–1.4 mm in length.  They are distinguished from 
females by the fifth and the sixth funicle segments that are mixed dark brown, solid clava, 
the scape is 3.5 times as long as broad and the gentitalia is wedge-shaped (Malipatil et al. 
2000). 
Smith & Compere (1928) reported that Metaphycus anneckei (cited as Metaphycus 
lounburyi sensu Timberlake (1916)) females, when given a choice, usually select gravid 
black scales with an abundance of eggs in preference to smaller, less mature, individuals.  
First and second instars are not suitable but third intars with diameters of about 1.6 mm and 
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larger were (Smith & Compere 1928).  The ovipositor is directed under the scale and then 
pushed up through the soft ventral tissues and penetrate the host near the periphery.  If the 
black scale is large, additional eggs may be deposited (Smith & Compere 1928).  Host 
feeding was not observed according to Daane et al. (2000)  
There are at least three generations of the parasitoid annually in south California.  In 
even hatch areas, many scales were attacked from mid-summer to second week in February 
due to their small size.  This species is unable to maintain its abundance on a single host 
generation each year, and the developmental stages of the parasitoid are synchronised with 
these of host.  However, in uneven-hatch areas, it can make an uninterrupted increase until 
the host is controlled (Smith & Compere 1928).  It takes one month to grow from egg laying 
to adult emeregence in summer, but three months or more in winter.  The biological 
development of this species is relatively similar to Metaphycus hevolus but takes a slightly 
longer time (Bartlett et al. 1978).  The life cycle duration, determined in an insectary by 
Smith & Compere (1928), was 15–18 days at 24 ºC. 
Metaphycus helvolus (Compere) 
A number of species of the genus Metaphycus are parasitoids of black scale in 
Australia.  Metaphycus helvolus was originally described as Aphycus helvolus from 
specimens reared from an unknown host, probably black scale, collected in Cape Town, 
South Africa (Compere 1926).  It is a polyphagous, solitary or gregarious endoparasitoid of 
species of a wide range of soft scale genera, including black scale (Flanders 1942c, Bartlett 
1978, Viggiani 1978, Lampson & Morse 1992, Malipatil 2001, Ben-Dov et al. 2010).  It has 
been introduced directly and indirectly into olive growing regions world-wide for the 
biological control of black scale (Argov & Rossler 1993, Guerrieri & Noyes 2000). 
It was introduced into Australia from California between 1942 and 1944 (Bartlett 
1978) and is now, according to Malipatil et al. (2000), widely distributed in Queensland, 
New South Wales, Victoria, and South Australia.  However, it was not reared from black 
scale sampled from 23 olive groves in South Australia beteen March and May in 2005 (Baker 
& Hardy 2005).  Known hosts in Australia include, in addition to black scale, Coccus 
hesperidum, Coccus pseudomagnoliarum, Ceroplastes destructor and Pseudococcus 
calceolariae (Malipatil et al. 2000).  It occurs throughout the year but is most common in 
spring and summer (Malipatil et al. 2000). 
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Adult female Metaphycus helvolus are 0.6–0.9 mm long with a bright yellow head and 
blackish occiput.  The antennae appear banded, with most of the scape, the apical half of 
pedicel and the 5th and 6th flagellar segments are pale, other segments darker, with the fifth 
funicle segment being intermidate in size between the fouth and the sixth segments, without 
sensilla, and their scape ventrally expanded, about 2.5 times as long as greatest width.  The 
maxillary and labial palpi each have two segments.  The ovipositor is as long as or usually 
rather longer than mid tibia, and the ovipositior sheath is short, about one in fifth or one in 
sixth as long as ovipositor stylets (Guerrieri & Noyes 2000, Malipatil et al. 2000). 
Males are 0.5–0.9 mm long and differ from females in that they are rarely yellowish.  
The dorsum of the thorax is blackish or dark-brown, all flagellar segments are uniformly 
brown, and not banded as in the females.  The antennae have long coarse hairs and all funicle 
segments are about as long as wide (Malipatil et al. 2000). 
Quayle (1938) noted that female Metaphycus helvolus prefer larger host scales for 
oviposition.  Lampson et al. (1996) also noted that the behavioural response of the parasitoid 
was affected greatly by the size of the host, and females have control of the sex of their off-
spring at the time of oviposition.  They recorded that more male offspring emerge from the 
smaller hosts in contrast to more female offspring emerge from the larger hosts.  Small hosts 
reared in an insectary provided smaller wasps with shorter lifespans, and they were less 
fecund (females).  The optimal size of black scale for oviposition by Metaphycus helvolus 
was found to be 0.6–1.6 mm2.  Lampson et al. (1996) concluded that it would benefit 
insectaries to maximise the number of scales provided to wasps within this size, and they 
hypothesised that this would improve the proportion of female progeny produced. 
Eggs of Metaphycus helvolus are laid in the body fluids of second and third instar 
nymph stages of their hosts and linked to the scale by an egg stalk (Flanders 1942c).  At 27.7 
°C, development of females takes 13 days.  Incubation of the egg takes three days, the first 
three instars two days, the fourth instar two days, and the pupal period six days for females; 
the pupal period of males was less than females (Flanders 1942c).  Flanders (1942c) noted 
that females emerge one day after the males and that mating occurs immediately after 
emergence of the female, and females start laying eggs during the following day, producing 
an average of 400 eggs (maximum 740).  Reproductive activity may occur when ambient air 
temperatures are about 9.5 °C, particularly in sunlight (Flanders 1942c). 
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Metaphycus helvolus has an exceptionally long oviposition period, short life cycle, the 
habits of female adults (no off-spring of parasitised scales were produced), and the habit of 
host-feeding which allows it to survive under extended periods in the absence of the 
preferred host size for its oviposition (Flanders 1942c).  Flanders (1942c) recorded two 
generations of the parasitoid on one black scale generation under insectary conditions in 
California (when the scale is uniform in ages). It was noted that in field conditions, when the 
host insect varies in age, and developed univoltine population, up to eight generations of the 
parasitoid might be produced (Flanders 1942c). 
Metaphycus inviscus Compere 
Metaphycus inviscus is a gregarious endoparasitoids, and Saisettia oleae is the only 
known host (Agrov & Rossler 1993, Guerrieri & Noyes 2000, Malipatil et al. 2000).  It 
parasitises third instar larvae and young adult female black scale.  It takes three weeks for 
pre-imaginal development at 25 ºC (Argov & Rossler 1993). It is native to southern Africa 
(Compere 1940b, Guerrieri & Noyes 2000) and is also present in Spain (Balearic Islands) 
and Australia (Malipatil et al. 2000).  It was first recorded in Australia by Malipatil et al. 
(2000) who collected it at Somersby and Kenthurst, New South Wales, Mildura in Victoria, 
and Pringa in South Australia.  Guerrieri & Noyes (2000) questioned its presence in 
Australia, and there is no record of it being intentionally introduced to Australia.  
Nevertheless, descriptions by Malipatil et al. (2000) and Guerrieri and Noyes (2000) are 
similar. 
The following description is based on Malipatil et al. (2000).  Females are 0.8–1.1 mm 
in length and are brownish-yellow.  The head is four to five times as wide as the frontovertex 
at the median ocellus.  The first four funicle segments are small, wider than long but the fifth 
is larger, sometimes with a longitudinal sensilla.  The sixth is larger than the fifth, with 
longitudinal sensilla.  Males are 0.8–0.9 mm in length and are similar in colour to females.  
Their fifth segment lacks longitudinal sensilla while the sixth segment and clava have 
longitudinal sensilla (Malipatil et al. 2000).  Guerrieri and Noyes (2000) described the head 
as 4.5 times as broad as frontovertex, the scape white with a characteristically shaped black 
mark: basal half of pedicel black, funicle segments 1–3 dark brown, funicle segment 4 
slightly paler, funicle segments 5 and 6 as pale yellow, and the clava brown with the apical 
segment yellow, and with longitudinal (linear) sensilla only present on funicle segment 6.  
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Metaphycus lounsburyi (Howard) 
Metaphycus lounsburyi (sensu stricto) is a gregarious endoparasitoid (Viggiani & 
Mazzone 1980: cited as Metaphycus bartletti) and is native to southern Africa (Guerrieri & 
Noyes 2000).  It was first described by Leland Ossian Howard in 1898 as Aphycus lounsburyi 
from specimens received from Charles P Lounsbury, who reared them from black scale 
collected in Cape Town (Howard 1989).  The parasitoid referred to as Metaphycus 
lounsburyi (Howard) by Smith & Compere (1928) was, in fact, Metaphycus anneckei 
Guerrieri & Noyes, and Metaphycus lounsburyi is the valid name for Metaphycus bartletti 
Annecke & Mynhardt (Guerrieri & Noyes 2000).  Hosts, in addition to Saisettia oleae, 
include Ceroplastes floridensis, Coccus capparidis (Green) (capparis soft scale), Coccus 
hesperidum, Coccus pseudomagnoliarum, Lichtensia viburni Signoret (viburnum cushion 
scale) and Saissetia coffeae (Guerrieri & Noyes 2000).  The parasitoid has been introduced 
to the United States of America (California), France, Spain, Italy, Greece, Israel (Guerrieri 
& Noyes 2000) and Australia (as Metaphycus bartletti) (Malipatil et al. 2000).  In Australia, 
it has been recorded in Western Australia (Margaret River and Gingin), Queensland 
(Millmerran) (Spooner-Hart 2005), Victoria (Irymple) and South Australia (Paringa and 
Loxton) (Malipatil et al. 2000). 
Of the two-misidentified species, one has only been found in Europe and is now 
classified as Metaphycus hageni (Daane & Caltagirone), whereas the other is probably the 
species initially misidentified as lounsbury by Timberlake (1916) and recently described as 
Metaphycus anneckei (Guerrieri & Noyes 2000). 
Guerrieri & Noyes (2000) described the morphological characteristics of Metaphycus 
lounburyi.  The female is 0.7–0.9 mm in length.  The head is orange with a distinctive and 
narrow brown stripe on each gena that do not reach the lower margin.  The occiput is black, 
and the antennae have a whitish scape with a blackish rhomboidal area on the ventral margin.  
The pronotum is whitish with a brown spot on each side.  The mesoscutum, axillae and 
scutellum are orange, and the sides and venter of the thorax are whitish.  The metanotum 
and propodeum are blackish.  The legs are yellow, and all the tibiae have two almost 
complete dark rings.  The forewings are hyaline, and the venation is brownish.  The gaster 
is dorsally blackish, and the venter is whitish with brown outer plates of the ovipositor.  The 
head is around four times as wide as the frontovertex.  The ocelli form an angle of less than 
60º.  The antennae have a slightly expanded scape.  The mesoscutum is little less than two 
times as broad as long, with a hint of notaular lines.  The scutellum is one and a half as long 
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as the mesoscutum and as long as broad.  The forewings are hyaline.  The gaster is dorsally 
blackish. 
Males are 0.5–0.8 mm long and similar in appearance to the females except for their 
antennae, genitalia and darker colour.  The torulus have two well defined areas, one along 
the lower and outer margin, with many pores, one in the apical inner corner with only two 
pores (Guerrieri & Noyes 2000).  This species differs from Metaphycus invicus (see below) 
in having the fifth funicle antennal segment almost as large as sixth, and significantly larger 
than the fourth.  However, both Metaphycus invicus and Metaphycus lounsburyi have 
longitudinal sensilla (Malipatil et al. 2000). 
Under laboratory rearing conditions, Metaphycus lounsburyi parasitises third instar, 
pre-ovipositing adult and gravid female black scale (Tena & Garcia-Mari 2009).  In the field, 
it parasitises mainly gravid, female Saisettia oleae (Tena & Garcia-Mari 2009).  In 
California, the number of adult Metaphycus lounsburyi emerging from one black scale was 
reported to be up to eight with an average of four (Kennett 1980).  Viggiani & Mazzone 
(1980) recorded up to 16 in Italy and Tena & Garcia Mari (2009) up to 40 with a mean of 
12.61 in Spain.  Ovipositon occurs a few hours after adult emergence.  Females can lay up 
to 18 eggs per day.  Viggiani & Mazzone (1980) recorded the life cycle as taking 23–30 days 
at 23–25 °C in an insectary.  The sex ratio is biased towards females.  Blumberg & Swirski 
(1982) and Tena & Garcia-Mari (2009) found ratios of approximately 3♀:1♂ and 6.7♀:1♂, 
respectively.  Parasitism levels in the field can be high.  Abd-Rabou (2004) recorded levels 
ranging from 33% to 83% in Egypt, and Tena & Garcia-Mari (2009) reported levels higher 
than 50% in Spain (Tena & Garcia-Mari 2009). 
Microterys nietneri (Motschulsky) 
Microterys nietneri is a solitary or gregarious primary endoparasitoid of many scale 
insects (Prinsloo 1984).  Microterys nietneri is distributed in some countries in Afrotropical, 
Australian/Pacific, Nearctic, Neutropical, Oriental, and Palaearctic regions (Noyes 1998).  It 
was distributed in Australia (Thompson 1954, Trjapizin 1989), in Western Australia (Noyes 
and Hayat 1994), in New South Wales (Prinsloo 1976), South Australia, Victoria, and 
Queesland (Malipatil et al. 2000). 
Coccoid hosts of Microterys nietneri other than Saissetia oleae include Ceroplastes 
cirripediformis Comstock, Ceroplastes destructor, Ceroplastes floridensis, Ceroplastes 
japonicus Green, Ceroplastes rubens, Coccus hesperidum, Coccus longulus, Coccus 
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pseudomagnoliarum, Coccus viridis, Eucalymnatus tessellatus (Signoret), 
Parthenolecanium fletcheri (Cockerell), Maacoccus piperis piperis (Green), Milviscutulus 
mangiferae (Green), Parasaissetia nigra, Parthenolecanium corni (Bouché), Pulvinaria 
pyriformis, Pulvinaria floccifera (Westwood), Pulvinaria iceryi (Signoret), Pulvinaria 
peregrina (Borchsenius), Pulvinaria polygonata, Pulvinaria psidii Maskell, Pulvinaria 
regalis Canard, Pulvinaria vitis (L.), Pulvinariella mesembryanthemi (Vallot), Saissetia 
coffeae, Saissetia miranda, Saissetia nigra, Saissetia oleae and Sphaerolecanium prunastri 
(Signoret) (Ben-Dov et al. 2010). 
The adult female Microterys nietneri is 1.0–1.5 mm long.  The head and body are 
yellowish brown, somewhat shiny.  The antennae are generally brown, the distal three 
funical segments are snow-white, and the clava is contrastingly black.  The wasp has black 
setae and yellowish legs that are slightly paler than body, without dark markings.  The 
forewings have a characteristic pattern of two hyaline cross-bands and apical band is 
interrupted in the middle.  The antennae are slender and cylindrical, and the thorax has a 
strongly convex scutellum (Malipatil et al. 2000). 
Males are 0.8–1.0 mm long.  The head and body are dark brown.  The legs are 
yellowish, and the wings are hyaline without dark markings as females.  Setae on flagellar 
segment are not as long as the diameter of segments (Malipatil et al. 2000).  There appears 
to be no record related to the developmental biology of Coccophagus nietneri on Saissetia 
oleae. 
 
Pteromalidae 
Moranila californica (Howard)  
Moranila californica is native to Australia (Smith & Compere 1928) where it has been 
recorded in Western Australia, South Australia, Victoria, New South Wales, Queensland and 
the Northern Territory (Boucek 1988, Malipatil et al. 2000, Broughton & Learmonth 2012).  
Elsewhere, it now occurs in several countries in Afrotropical, Pacific, Europe, Nearctic, 
Neotropical, Oriental, and Palearctic regions. 
Moranila californica is an egg predator of coccoid scales when eggs of hosts are 
present and an ectoparasitoid when host eggs are unavailable.  It is occasionally a 
hyperparasitoid (Clausen 1962, Berry 1995, Loch 1997).  Coccoid hosts other than Saissetia 
oleae include Antonina bambusae Khalid & Shafee, Ceroplastes ceriferus (Fabricius), 
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Ceroplastes floridensis, Ceroplastes rubens, Ceroplastes rusci, Ceroplastes sinensis, 
Coccus hesperidum, Coccus pseudomagnoliarum, Coccus viridis, Lichtensia viburni 
Signoret, Parasaissetia nigra, and Saissetia nigra, Saissetia coffeae and Saissetia nigra 
(Malipatil et al. 2000, García Morales et al. 2016).  Coccoid host in Australia include 
Ceroplastes floridensis, Ceroplastes rubens, Coccus hesperidum, Coccus 
pseudomagnoliarum, Coccus viridis and Saissetia oleae (Malipatil et al. 2000). 
The female is 0.9–2.0 mm long.  The head is orange brown with two metallic green 
spots behind the occipital carina.  The antennae are brown, the thorax metallic green, the 
legs and cocae orange, the tarsal segments yellow and white, the forewimgs with large a 
fuscous patch extending from the basal hairline to beyond the stigma vein and with 
infumation along the apical cubital hairline.  The gaster is dark red brown.  The setal bases 
on the pronotum and mesoscutum are conspicuously reticulate and the scutellum is as long 
as it is broad.  The first sternite of the gaster comprises a wide, flat and pitted medial area.  
The setae at the base of the gaster form a compact tuft.  The marginal vein of the forewing 
is as long as the stigma vein and the stigma area sparsely setose. 
The male is 0.7–1.2 mm long.  The head is dark red-brown to black with a metallic 
blue lustre.  The antennae are brown, the thorax dark red-brown to black and the gaster dark 
red-brown.  The funicle comprises segments that are strongly nodose: the first segment is 
longer that the other segments.  The appearance is otherwise like the female. 
The life cycle of Moranila californica is similar to that of Scutellista caerulea.  If an 
egg is laid in the egg chamber of the host, the larva on hatching from the egg may consume 
up to 50% of the eggs.  If an egg is laid under a non-gravid female host, the larva feed as an 
ectoparasitoid on the body fluids of the host.  The rate of development of Moranilla 
californica is slower than the rate of development of Scutellista caerulea (29 days compared 
12 days at 28 ºC (Bodenheimer 1951, Flanders 1958)).  In south western Western Australia 
Moranila californica is active throughout the year, especially in autumn (Broughton & 
Learmonth 2012).  Broughton & Learmonth (2012) found that the wasp parasited ovipositing 
black scale. 
Scutellista caerulea (Fonscolombe) 
Scutellista caerulea, a major constraint on black scale populations, was originally 
described as Encyrtus caerulea by Fonscolombe (1832) based on specimens from an 
unrecorded host in France (Graham 1969).  It is native to Africa (Bartlett 1978).  Under the 
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synonym, Scutellista cyanea Motschulsky, it was described from hemispherical scale, 
Saissetia coffeae (Walker) (syn. Saissetia hemisphaerica (Targioni Tozzetti)), in Sri Lanka 
(Motschulsky 1859).  The first instar is a facultative ectoparasitoid of immature hosts or egg 
predator.  Other instars are obligate predators of eggs of mature hosts.  Development may be 
solitary or gregarious (Avidov 1970).  It is arrhenotokous, a form of parthenogenesis in 
which unfertilised eggs develop into males (Avidov 1970).  The sex ratio is quite equal with 
a slight bias towards females (Smith & Compere 1928).  
In addition to black scale and hemispherical scale, recorded hosts of Scutellista 
caerulea, include Ceroplastes brevicauda Hall, Ceroplastes ceriferus, Ceroplastes 
destructor, Ceroplastes floridensis, Ceroplastes luteolus de Lotto, Ceroplastes rubens, 
Ceroplastes rusci Linnaeus, Ceroplastes sinensis, Coccus hesperidum, Phenacoccus 
artemisae Ehrhorn, Parasaissetia nigra, Kilifa acuminata (Signoret) (Smith & Compere 
1928, Cilliers 1967, Inserra 1970, Herting 1972, Noyes 1998, Waterhouse & Sands 2001, 
Badary & Abd-Rabou 2011, Wang et al., Western Sydney University, unpublished 
manuscript), Waxiella mimosae (Ceroplastes mimosae Signoret) Cilliers (1967), and 
Waxiella africana (Green) (Ceroplastes africanus Green) (Badary & Abd-Rabou 2011). 
The female adult body is 1.3–1.8 mm, bluish black, robust with brownish legs and 
antennae.  The funicular segments widen gradually and the clava is undivided.  The 
forewings bear dark, coarse setae on the central area of disc.  The postmarginal vein is 
considerably shorter than the stigma vein.  The scutellum is elytriform, covering the basal 
half of the gaster (Malipatil et al. 2001). 
The male adult body is 1.2–1.5 mm (Malipatil et al. 2001), humpbacked, metallic blue, 
and fly-like with light brown antennae and tarsi, except for the last joint (Smith & Compere 
1928).  The funicular segments are longated, subequal and fore wings are entirely hyaline, 
bearing transparent.  The setae are slender and the postmarginal vein is slightly shorter than 
stigma vein (Malipatil et al. 2001). 
An African ‘biotype’ of Scutellista caerulea was successfully introduced from 
California in 1903 to New South Wales (Sydney Mail and New South Wales Advertiser, 4 
November 1903, Australian Town and Country Journal 13 January 1904) and Western 
Australia (Jenkins 1946, Wilson 1960, Waterhouse & Sands 2001) for the control of 
Saissetia oleae.  Another ‘biotype’, thought to be associated with Ceroplastes destructor, 
was introduced to New South Wales from Kenya and Uganda in 1935 (Gurney 1936, 
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Compere 1937, Simmonds 1951). Gurney (1936) noted it developed in both Ceroplastes 
destructor and Saissetia oleae and that upward of 100 adults were liberated at St. Ives, 
Chatswood, Ryde, Cronulla, within the Sydney metropolitan area, and Gosford and Narara 
to the north of Sydney.  The introduction was unsuccessful (Wilson 1960, Hely 1968, Sands 
et al. 1986).  This was attributed to host specificity, as the host from which the insect was 
obtained was later described as new species, Ceroplastes luteolus (De Lotto 1955), not 
Ceroplastes destructor as assumed (Wilson 1960).   
Subsequent introductions from South Africa during 1969–1970 were successful 
(Waterhouse & Sands 2001), but establishment following an initial release at Campbelltown, 
in the outer Sydney metropolitan region in 1969, was not confirmed elsewhere near Sydney, 
until 1984 (Sands et al. 1986).  This was not the first instance of establishment of Scutellista 
caerulea not being confirmed for several or more years.  It was introduced to United States 
of America in 1898 for control of Ceroplastes sp. but not confirmed as present until it was 
recorded in Saissetia oleae in 1923 (Howard 1924, Baldwin 1953).  These records of delayed 
establishment cast doubt on the extent of host specificity.  Interestingly, Norman Scott Noble 
(then Assistant Entomologist, with the New South Wales Department of Agriculture) stated 
in a letter accompanying specimens of Scutellista caerulea he sent to Harold Compere ‘that 
in New South Wales Scutellista cyanea, Motsch., had never been known to attack wax 
scales, although it is common there as a parasite of Saissetia oleae (Bern.), but that the form 
of Scutellista introduced from Kenya, where it was obtained from Ceroplastes, has freely 
reproduced in wax scales in New South Wales (Compere 1937). Moreover, Sands (2000) 
noted that host biotypes of Scutellista caerulea developed on three species of Ceroplastes in 
the laboratory but only one biotype was associated with Ceroplastes destructor in the field. 
Hely (1968) and Waterhouse and Sands (2001) also reported Scutellista caerulea as a 
natural enemy of Ceroplastes ceriferus in Australia.  The scale, possibly of South American 
origin (Qin et al. 1996), occurs in coastal New South Wales, Queensland, and Western 
Australia (Zeck 1932, Waterhouse & Sands 2001).  It appears to have been present in 
Australia before 1850.  Specimens collected in Sydney by Captain Sir Everard Home were 
described as Ceroplastes australiae in 1852 (Walker 1952).  Ceroplastes destructor was 
frequently considered to be Ceroplastes ceriferus, and not formally recorded in Australia, 
until Zeck (1932) described the differences (Qin & Gullan 1994).  It was probably introduced 
from Africa before 1893 (Zeck 1932, Sands et al. 1986). 
51 
 
Wang et al. (unpublished, Western Sydney University) recorded low levels of 
parasitism (≤ 3%) of Ceroplastes rubens by Scutellista caerulea at Somersby near Kulnura 
in 1988 and 1989.  This was the first record on the pteromalid attacking Ceroplastes rubens 
in Australia.  It was imported to Japan from California in 1924 for control of the scale but 
attempts to establish it failed due to lack of synchrony between the host and the parasite 
which reached the adult stage in 35 days when bred on the scale (Kuwana & Ishii 1927, Ishii 
1940, Baldwin 1953).  Ceroplastes rubens was described by Maskell (1893) based on 
specimens collected by Albert Keobele in Brisbane.  It is possibly native to Africa (Qin et 
al. 1994).  It was more common and destructive in Queensland in the 1890s than in New 
South Wales where it occurred in one or two localities (Gurney 1898).  This suggests that 
Ceroplastes rubens was possibly introduced to Queensland, and therefore Australia, in the 
mid to late 1800s (Queensland was part of New South Wales until 1859). 
According to Sands et al. (1986), females of the South African biotype of Scutellista 
caerulea parasitising Ceroplastes destructor have paler antennal pedicels and darker 
forewings compared to females of the biotype introduced to Western Australia from Africa 
via California for the control of Saisettia oleae.  Compere (1937) noted that the apical 
margins of forewings of specimens of Scutellista caerulea from wax scales in Kenya 
appeared narrowly bare after mounting in balsam in contrast to the ciliated apical margins 
of forewings of specimens from Saissettia oleae.  The bare appearance towards the apex of 
the forewings of the specimens from Kenya was an effect of the cilia becoming transparent 
in balsam.  Compere (1937) regarded these differences as trivial. 
Avido (1970) determined that the one generation of Scutellista caerulea lasted 14 days 
at 27 ºC and 145 days at 16.7 ºC, enabling up to 9–10 generations to be completed annually 
in the coastal plains of Israel.  In contrast, one to four generations occur in California—one 
in the inner olive and citrus growing regions as a consequence of a long break in host 
continuity (Bartlett et al. 1978) and up to four generations per year in the uneven brooded 
areas (Quayle 1911, Smith & Compere 1928). 
Larvae of Scutellista caerulea complete their development by preying on host eggs 
(Quayle 1911, 1938, Mendel et al. 1984b, Waterhouse & Sands 2001).  The female wasp, 
after inserting her ovipositor through the posterior of the scale integument, lays her eggs 
under the body margins of immature or mature female scales, near the ovipore or adhering 
the venter of scale body if no host eggs are present (Quayle 1938, Avidov 1970, Saad et al. 
1977, Mendel et al. 1984b). 
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The egg of Scutellista caerulea is double-bodied, 0.26–0.4 mm in length, 0.11–0.15 
mm in width, pearly white, elongate-oval and somewhat tapering to ward pedicel.  The stalk 
or pedicel is usually strongly convoluted or twisted, nearly twice the egg body length (Smith 
& Compere 1928).  Eggs laid under gravid Saissetia coffeae females hatch after 4–9 days, 
depending on ambient temperatures (Saad et al. 1977).  
The larva has been poorly described, and there is uncertainty regarding the number of 
larval instars.  It is white, curved and grub-like (Smith & Compere 1928, Ebeling 1951).  
The newly hatched larvae are 0.3 mm long and 0.1 mm wide, with four pairs of open 
spiracles. The last instar larva is hymenopteriform, fusiform (broadest near the cephalic end), 
and bent (Saad et al. 1977).  The full-grown larva is very active with thirteen body segments 
and nine pairs of open spiracles located on segments two to ten (Smith & Compere 1928).  
They complete their development by preying on host eggs (Quayle 1911, 1938, Mendel et 
al. 1984b, Waterhouse & Sands 2001).   
Quayle (1911), Smith & Compare (1928) and Ebeling (1959) reported that up to four 
larvae may grow under a single host.  However, Bodenheimer (1951) claimed that females 
tend to lay one egg per host.  This was confirmed by Mendel et al. (1984b) who found only 
a very few cases were more than a single larva of Scutellista caerulea found under a host.  
Hosts parasitised by Scutellista caerulea can also be parasitised by endoparasitoids of the 
host (Viggiani et al. 1975, Ehler 1978).  Mendel et al. (1984b) observed that Scutellista 
caerulea parasitised about 55% of the hosts that were already parasitised by Metaphycus 
spp.   
Saad et al. (1977) observed that Scutellista caerulea larvae feeding on eggs of Saissetia 
coffeae often make twisted movements.  As a result, the eggs of the host are scattered, 
especially when more than one larva occurs under a single scale.  The predacious larval 
stages last around 17 days at 25.9 ºC and 29 days at 19.8 °C (Saad et al. 1977).  The average 
number of eggs consumed was 555 ± 49.7 per Scutellista caerulea gravid female.  However, 
when two larvae were present under a single gravid female host they consumed an average 
of 685.1 ± 52 eggs between them (Saad et al. 1977). 
The pupa of Scutellista caerulea is initially white and becomes jet black after about 
four hours.  It is 1.5–3 mm long.  The scutellum is large and conspicuous, extending to the 
posterior margin of the second abdominal segment.  The sheaths enclosing the wings, legs 
and antennae are plainly visible on the ventral surface and are jet black (Smith & Compere 
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1928).  At temperatures of 25.9 °C, 22.3 °C, and 19.8 °C, the duration of the pupal stage of 
Scutellista caerulea reared on Saissetia coffeae increases gradually from 9.55 ± 0.24, to 20 
± 0.35 days and 30.3 ± 0.6 days, respectively (Saad et al. 1977). 
Sands et al. (1986) reported that, with respect to Ceroplastes destructor, newly‐
hatched larvae of a South African biotype of Scutellista caerulea only fed and pupated if 
eggs of the host were present.  Otherwise, if they hatched from eggs laid under non-gravid 
hosts, they remained in diapause, apparently without feeding despite a 1.64 × increase in 
length, for up to 89 days until oviposition by the scale insect commenced (Sands et al. 1986, 
Waterhouse & Sands 2001). However, although the larvae did not feed on the body tissues 
of the non-gravid female scales, the nature of their food was not identified.  
In contrast to these observations, Cilliers (1967) recorded larvae of Scutellista caerulea 
feeding on body tissues of Waxiella mimosae (cited as Ceroplastes mimosae) in South 
Africa.  Moreover, Smith & Compere (1928) observed that larvae hatching from eggs laid 
under non-gravid Saissetia oleae females pierced the soft ventral tissue of the scale body 
and then absorbed the body fluids of their host, whereas larvae hatching from eggs laid under 
gravid females used their mandibles to rupture the chorion of the eggs of the scale and then 
consumed the liquid contents.  Beattie (pers. comm.) observed translucent material (Fig. 2.7) 
in the guts of first instar Scutellista caerulea larvae under non-gravid Ceroplastes destructor 
in the 1980s during studies on Ceroplastes destructor and Ceroplastes sinensis in mid-
coastal New South Wales.  Beattie (pers. comm.) attributed the gut contents to ectoparasitic 
feeding of the larvae on the ventral surface of their host.  However, the source and nature of 
the material was not determined.   
The adult Scutellista caerulea is frequently seen walking about over scale-infested 
twigs.  In contrast to the larvae and pupae, the adult life span is shorter at lower temperatures 
lasting an average of 12.25 ± 0.69 days at 25.9 °C, but only 10.9 ± 0.63 days at 22.3 °C and 
6.9 ± 1.13 days at 19.8 °C.  Furthermore, when more than one adult emerges from a single 
host, the adults are smaller than single adults emerging from a host (Saad et al. 1977). 
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Figure 2.7.  First instar larvae of Scutellista caerulea under immature white wax scale 
female sampled from a sweet orange orchard by GAC Beattie on the Somersby plateau near 
Sydney in the mid-1980s (photograph: Max Hill, NSW Agriculture). 
 
During the study by Beattie mentioned above, Scutellista caerulea emerging from 
Ceroplastes sinensis were also readily observed ovipositing under immature Ceroplastes 
destructor thus suggesting no specific biotypes for the two scale species (Beattie, pers. 
comm., 2015).  Moreover, field observations over three decades suggest that only one 
biotype of Scutellista caerulea may now be associated with Saissetia oleae, Ceroplastes 
destructor, Ceroplastes rubens and Ceroplastes sinensis in the region. 
Reports of the effectiveness of Scutellista caerulea as a biocontrol agent vary.  
Waterhouse & Sands (2001), Badary & Shaaban Abd-Rabou (2011) ranked it as an effective 
natural enemy of black scale, whilst Spooner-Hart (2005) and Tena (2007) suggested that, 
despite high-levels of parasitism (> 80% of adult female hosts), its impact on populations of 
black scale may be low.  This was attributed to populations reaching high levels of parasitism 
too late to prevent scale outbreaks, and the size of the Scutellista caerulea population which 
is controlled by the size of the black scale population (i.e., the availability of prey) (Spooner-
Hart 2005, Tena 2007).  Parasitism of Scutellista caerulea in Egypt was found effective up 
to 38.2–40.9%, and average parasitism rates were 21.3–23.5% in two surveyed years 
(Badary & Abd-Rabou 2011). 
Mendel et al. (1984b) reported that Scutellista caerulea was most active in the spring 
and autumn in Israel.  In one region, populations were bivoltine and synchronised with 
populations of the host, Saissetia oleae.  However, in another region the insect was 
univoltine and only synchronised with host populations during spring.  This led to 
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populations not increasing despite an abundance of suitable stages of Saissetia oleae in 
autumn and winter (Mendel et al. 1984b). 
In South Australia, Scutellista caerulea was the third most-abundant parasite (after 
Euryischomyia flavithorax and Metaphycus lounsburyi, respectively), emerging at all five 
surveyed districts (Adelaide Hills including Mypolonga, Barossa (Northern Adelaide Plains-
NAP), Fleurieu Peninsula, Upper South East and Riverland.  This wasp was found 
dominantly in the NAP/Barossa and Adelaide Hills and Mypolonga districts, but it consisted 
of only 1% of the surveyed parasitoid fauna in the South East.  Scutellista caerulea was 
collected from 70% of the surveyed groves (Baker & Hardy 2005). 
Broughton & Learmonth (2012) observed that Scutellista caerulea larvae and pupae 
were present year-round, with populations peaking in March–April in near Perth in south-
western Western Australia.  Mature host females without eggs and host females with eggs 
were more highly parasitised than host females with crawlers.  There was a correlation 
between the number of live females and live females with eggs and Scutellista caerulea 
larvae and pupae, with peaks in the population of live females followed by a peak in 
Scutellista caerulea abundance.  In Western Australia, the parasitism exceeded 60% in June 
2007, but was usually around 20 per cent Broughton & Learmonth (2012). 
This review suggests that the Scutellista caerulea biotype(s) currently associated with 
Saissetia oleae, Ceroplastes destructor, Ceroplastes rubens, and Ceroplastes sinensis in 
Australia need to be determined by morphological and molecular studies.  The review also 
indicates that the question as to whether first instar larvae of Scutellista caerulea feed 
ectoparasitically on immature hosts should be resolved microscopically and molecularly. 
 
2.1.10.2. Coccinelid, lepidopteran and neuropteran predators of black 
scale in Australia 
Species recorded in New South Wales include ladybird (Cryptolaemus montrouzieri, 
Halmus chalybeus, Orcus australasiae, and Rhizobius ventralis), scale-eating caterpillars 
(Mataeomera coccophaga and Mataeomera dubia), the green lacewing (Mallada signatus), 
and the brown lacewing (Micromus tasmaniae) (Wilson 1960, Hely et al. 1982, Smith et al. 
1997). 
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Coccinellidae 
Cryptolaemus montrouzieri Mulsant 
Cryptolaemus montrouzieri is native to eastern Australia (Booth & Pope 1986) and 
was the coccinellid species introduced to California and Hawaii for biological control of 
mealybugs.  This species is now distributed from Sulawesi and Batjan in the Indonesian 
archipelago to New Guinea and Australia (Ślipiński 2007). 
The adult is 3.3–4.5 mm long, elongate-oval and moderately convex.  The dorsum is 
densely hairy.  The elytra are blackish with orange apices.  The head and pronotum are 
orange.  It is clearly distinguished by its elongate prosternum, antenna with 10 segments, 
tarsi with three segments and complete, recurved abdominal postcoxal lines.  Final instar 
larvae are 5–7 mm long, fusiform, with yellowish and white dorsal surfaces (Ślipiński 2007). 
Blumberg (1935) reported that in Queensland, Cryptolaemus montrouzieri attacked 
only crawlers of Ceroplastes rubens, but Loch (1997) observed it feeding on all stages of 
the scale on umbrella trees (Schefflera actinophylla (Endl.) Harms [Apiales: Araliaceae]) in 
Queensland.  On citrus mealybug, Planococus citri (Risso), Cryptolaemus montrouzieri 
females deposit their eggs among the hosts.  It develops through five larval instars and 
completes its lifecycle in six weeks.  Both host adults and larvae feed on Planococus citri, 
particularly egg masses.  It is regarded as an effective predator of Planococus citri (Smith et 
al. 1997). 
Halmus chalybeus (Boisduval) 
Halmus chalybeus was first described as Coccinella chalybea by Jean Baptiste 
Boisduval in 1835 from specimens in Australia (Ślipiński 2007).  It is widely distributed 
along the northern and the eastern coast of Australia (Victoria, New South Wales and 
northern Queensland).  It was introduced to Western Australia from New South Wales in 
1902 (Wilson 1960).  It is now widely distributed in Australia and has been introduced to 
New Zealand, California, and Hawaii (Ślipiński 2007). 
In addition to black scale, the alternative prey of Halmus chalybeus include the 
armoured scales, red scale, yellow scale, circular black scale and purple scale, the soft scales, 
black scale, green coffee scale and Pulvinaria spp., the wax scales, Ceroplastes destructor, 
Ceroplastes sinensis and Ceroplastes rubens, fluted scales (Icerya spp.) [Hemiptera: 
Margarodidae] (Quayle 1911, Hely et al 1982, Beattie et al. 1991, Smith et al. 1997, Lo & 
Chapman 2001, Ślipiński 2007), and citrus red mite Panonychus citri (McGregor) [Acarina: 
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Tetranychidae] (Jamieson et al. 2005).  Flynn (1995) recorded 21 host species of Halmus 
chalybeus: 16 species of Hemiptera, 1 species of Coleoptera, 1 species of Lepidoptera, 2 
species of Acari, and 1 species of Hymenoptera.  Among these, Flynn (1995) considered 
black scale, red scale, San José scale, latania scale (Hemiberlesia lataniae (Signoret) 
[Hemiptera: Diaspididae]), oleander scale (Aspidiotus nerii Bouché [Homoptera: 
Diaspididae]), Clenochiton piperis Maskell [Hemiptera: Coccidae] and Pittosporum psyllids 
[Hemiptera: Triozidae] as major prey.  However, Koebele (1892a) did not considered black 
scale as a prey species of Halmus chalybeus.  He wrote ‘I have never found this insect feeding 
upon Lecanium in Australia and did not expect it would feed upon L. oleae’.  Black scale at 
this point was known as Lecanium oleae, not Saissetia oleae.  His observations on Halmus 
chalybeus and Orcus australasica with the large number was noted in his second trip to 
Australia in searching natural enemies for biological control.  It was one of the predators that 
he introduced from Australia to California in 1888 (Koebele 1892b).   
Halmus chalybeus adults are 3–4 mm long, broadly oval and convex.  There is 
significant colour variation on dorsal surfaces, from dark bluish to almost green, with 
interspaces between punctures being mostly polished, but sometimes appearing with some 
degree of cuticular reticulation.  The male dorsal surface is metallic bluish to almost green 
except for most of the head and anterior corners of pronotum being yellowish.  The male 
head is always bicoloured (upper surface darker but the extent of darkness varying from 
upper 1/5 to half the length of the head).  The female is identical to the male but is 
monochromatic (Ślipiński 2007).  The head is transverse with the eyes not being 
emarginated.  The antennae are 7-segmented.  The clypeus is expanded laterally, and the 
labrum is entirely exposed and transverse.  The mandible is unidentate (Samways et al. 1997, 
Ślipiński 2007).  The mandibles are rather delicate, the outer margins strongly curved, apices 
acute.  The larvae are 3–5 mm long, yellow-grey, nearly cylindrical, and broadly fusiform.  
The larval head capsule is transverse, the antennae are very short, with one segment (Hely 
et al. 1982, Ślipiński 2007).  
Halmus chalybeus is a common and useful predator of scale insects in New South 
Wales coastal orchards in late spring and early autumn, but inland areas of the State are 
unfavourable due to the insect’s susceptibility to hot and dry conditions.  In coastal districts, 
congregations of the beetles around the base of tree trunks or leaving orchards for more 
salubrious situations on creek banks or in thick vegetation were observed (Hely 1968, Hely 
1982).  Charanasri & Nishida (1975) found an abandance of the adult at the beginning of the 
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year than later.  They recorded up to about 70 adults on an unsprayed frangipani tree, 
Plumeria obtusa L. [Gentianales: Apocynaceae] at Oahu (21° 28' N, 157° 58' W) in the 
tropical Hawaiian Islands.  Meterological data showed that the lowest population occurred 
through the warmest and driest months.  Beattie et al. (1991) observed adult populations 
with peaks in spring and autumn, and troughs in winter and summer, in mature orange 
orchards at Somersby, New South Wales.  According to Lo (2000), the adults were active 
during the year at Kerikeri (35.22°S, 173.93°E) and Whangarei (35.72°S, 174.32°E) in 
Northland, New Zealand, whereas larvae were most abundant in early summer.  Small 
clusters of inactive adults sheltering in orchards were observed during winter at Kerikeri and 
Whangarei (Lo & Chapman 2001).  They noted that this dormancy was not a true diapause 
as Flynn (1995) claimed, but facultative oligopause (delayed direct response to deteriorating 
conditions), because activity can resume immediately once temperatures increase (Lo & 
Chapman 2001).  Dao et al (2014) recorded that on red scale host, Halmus chalybeus was 
most abundant in the summer (December-January) on orange ochards in Kulnura (33.22° S, 
115.22° E), New South Wales. Dao (2012) concluded that it is the most important natural 
enemy of red scale in mid-coastal New South Wales. 
Flynn (1995) reported that durations (days) for Halmus chalybeus to grow from egg to 
adult were 37 at 25 °C.  Two annual generations of the beetle were recorded in Auckland 
(36.75°S,174.77°E) in New Zealand in 1993–1994.  Females reproducted rapidly in spring.  
Eggs appeared in early November and larvae in December and January (mid-summer).  
Peaks of new adults occurred in January and March/April (Flynn 1995).  According to Lo & 
Chapman (2001), adults and larvae of the beetle preyed on first instar and second instar 
Ceroplastes destructor and Ceroplastes sinensis (rarely, if ever, on third instars).  After 
many hours of observations, Lo (1995) found that the predator was not preying on adult 
Ceroplastes sinensis.  Lo & Chapman (2001) recorded preying capability of Halmus 
chalybeus adults and larvae on settled first and second instar of the wax scales on bagged 
branches.  Each beetle consumed an average 15.6 Ceroplastes destructor and 13.3 
Ceroplastes sinensis daily, and larvae consumed 9.7 Ceroplastes destructor daily. 
Orcus australasiae (Boisduval) 
Orcus australasiae, the orange-spotted ladybird, was first described as Coccinella 
australasiae by Boisduval in 1835.  It is indigenous to eastern parts of Australia.  It was 
introduced to Western Australia to control red scale (Wilson 1960) and in California to 
control of scale insects by Koebele (Koebele 1892a,b, Isaac 1906).  Orcus australasiae was 
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one of the most common beneficial insects in New South Wales and Victoria (Crichton 
1893), especially in coastal areas of New South Wales, and sometimes under mild wet 
conditions in inland regions of the State (Hely et al. 1982).  It was recorded that Orcus 
australasiae, Rhyzobius hirtellus and other species were always abundant in association with 
black scale in New South Wales (Koebele 1892a).  
The adult is 5 mm long, broadly oval, convex, hemispherical, with glabrous dorsum 
and the dark blue elytra.  The head is transverse, exposeding dorsally, and the eyes are 
distinctly emarginated (Ślipiński 2007).  The male is similarly marked, but it is smaller (Isaac 
1906).  The antennae are short, nine segmented. It has unidendate mandibles (Ślipiński 
2007).  The larva is 6–8 mm long, nearly cylindrical, broadly fusiform (Hely et al. 1982, 
Ślipiński 2007).  The dorsal and lateral surface appears with setose senti.  It has a creamy 
grey dorsal surface and partially or entirely dark-brown or black legs, dorsal plates and most 
dorsal setose (Ślipiński 2007).  Adults and larvae prey various scale insects (Ślipiński 2007).  
Isaac (106) claimed that it is a more general feeder than Halmus chalybeus.  
Recorded prey of Orcus australasiae consists of black scale, red scale, San José scale, 
circular black scale, soft brown scale, citricola scale, white wax scale, (Isaac 1906, Wilson 
1960, Waterhouse & Sands 2001) and woolly apple aphid (Eriosoma lanigerum (Hausmann) 
[Hemiptera: Aphididae]) (Asante 1995).  The biology and ecology of Orcus australasiae is 
not well documented.  In sunshine, it prefers outer canopies (Issac 1906).  An adult consumes 
relatively more young instars than older instars of woolly apple aphid (Asante 1995).  Dao 
et al. (2014) reported that it was active from January to June in association with black scale 
and red scale in citrus orchards at Kulnura, New South Wales, and that activites of large 
larvae were not affected by Iridomyrmex rufoniger (Lowne) [Hymenoptera: Formicidae]. 
Rhyzobius ventralis (Erichson)  
Rhyzobius ventralis is native to Australia (Bartlett 1978).  It is distributed in all 
mainland states of Australia, aside from the Northern Territory and in New Zealand and the 
United States of America (Bartlett 1978, Pope 1981). 
Prey species include Acanthococcus araucariae araucariae (Maskell) (Eriococcus 
araucaria Maskell), Acanthococcus leptospermi (Maskell) (Eriococcus leptospermi 
Maskell) (Koebele 1893), Parasaissetia nigra, San José scale (Comstockaspis perniciosa 
Comstock (= Diaspidiotus perniciosus (Comstock)), the mealybug, Pseudococcus 
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calceolariae (Maskell), and the citrus aphid, Toxoptera citricida (Kirkaldy), (Zimmerman 
1948, Thompson & Simmonds 1965, Leeper 1976) 
The egg of Rhyzobius ventralis is pearly white and oval, 0.8 mm long, and 0.4 mm 
wide.  It is found under the scale shell, but not laid there exclusively.  The larvae live under 
scale shell, feeding on the black scale (eggs, or young crawlers).  The larva is 5–6 mm long, 
1.5 mm wide, its upper surface is entirely black and ventral surface is grey.  The adult is 
broadly oval, 3 mm long with shiny black thorax and elytra.  The adult is covered with grey 
hairs (Quayle 1938).  
Richards (1981) studied biology of Rhyzobius ventralis attacking the gum tree scale, 
Acanthococcus coriaceus (Maskell) (Eriococcus coriaceus Maskell), in 1978 in Sydney, 
Australia.  Eggs are laid single, either against female coccids or amongst wax produced by 
numerous developing coccid nymphs.  Each of the eggs is placed horizontally.  The beetle 
passes through larvae instars before entering the prepupa and pupal stages.  The mean total 
time from first instar larvae to adult was 33 days in September, and 25 days in October.  The 
room temperature was between 17.7–21.6 ºC for September and 23.3–20.0 ºC for October.  
There was univoltine population of Rhyzobius ventralis attacking Acanthococcus coriaceus 
in Sydney, Australia.  
Lepidoptera 
Mataeomera dubia Butler 
Mataeomera dubia [Erebidae] is native to Australia (Common 1990).  The larvae are 
obligate predators of coccoids (Pierce 1995).  Hosts other than Saissetia oleae include 
Ceroplastes rubens, Ceroplastes sinensis, Coccus hesperidum, Parasaissetia nigra (Hely 
1982), Parthenolecanium persicae persicae (Fabricius) (Hely 1957, Wilson 1960, Richards 
1981), Ceroplastes floridensis, Coccus pseudomagnoliarum, Parasaissetia nigra, Saissetia 
coffeae (Waterhouse & Sands 2001), white louse scale (Unaspis citri (Comstock)) 
[Diaspididae] (Summerville 1934, 1935b, Waterhouse & Sands 2001), other diaspidids, and 
pseudococcids (Wilson 1960, Goolsby et al. 2002).  The larvae prey on on all stages of 
Saissetia oleae, Parthenolecanium persicae persicae, Coccus hesperidum, Saissetia coffeae 
and Parasaissetia nigra, on crawlers and adults of Ceroplastes floridensis, and on crawlers 
and second instar larvae of Ceroplastes rubens (Waterhouse & Sands 2001). 
Larvae of Mataeomera dubia need high densities of black scale to complete their 
development.  They move from one scale to another beneath an oval shelter constructed from 
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the hard scale coverings of their prey.  This covering appears to protect larvae and pupae 
from ants and natural enemies (Waterhouse & Sands 2001).  Dao et al. (2014) observed that 
Mataeomera dubia was most abundant during December and March in an orange ochard at 
Kulnura, New South Wales, and only black scale was attacked by the moth.  In studies 
assessing the impacts of Iridomyrmex rufoniger on densities of red scale and black scale in 
the orchard, the densities of larvae and pupae of the moth were significantly higher in the 
presence of high black scale densities and high ant activity than in the presence of low black 
scale densities and low ant activity.  They claimed that Mataeomera dubia could be 
invulnerable to ants (Iridomyrmex rufoniger (Lowne) due to their larvae and pupae being 
protected by integuments of black scale. 
 
2.1.10.3. Entomopathogens of black scale 
The fungus, Lecanicillium lecanii (Zimmerman) Zare & W. Gams, widely known as 
Verticilliium lecanii (Zimm.) Viégas, is an important entomopathogen of black scale.  
McCoy & Selhime (1971) that showed that Lecanicillium lecanii was the only pathogenic 
species found to attack Saissetia oleae in Israel, while in Florida several fungi of the genera 
Entomophthora and Myiophagus were found to infect this pest on citrus.  In Turkey, fungi 
of the genera, Alternaria and Cladosporium, were isolated from samples of Saissetia oleae 
(Tuncyiirek & Onciier 1974). 
A fungal pathogen, Lecanicillium lecanii (Zimmerman), can destroy high densities of 
black scale in late summer and autumn in humid conditions.  White fungal growth can cover 
large areas of braches infested by scale (Smith et al. 1997).  Ganhào (1956) stated that on an 
artificial medium, Lecanicillium lecanii requires relatively high humidity (approaching the 
saturation point) and mild temperatures (23 ºC) for spore germination, so high infectivity 
was observed during wet winters.  He claimed that germination was delayed as humidity 
decreased below 96% and temperature exceeded 24 ºC.  Mendel et al. (1984b) recorded that 
although this fungus could grow well at 12 ºC, its development stopped almost definitedly 
above 26 ºC.  The activity of fungus was, therefore, reduced considerably during the warm 
relatively dry summer of the Israel coastal plain but was significant in winter and early 
spring.  Bar-Zacay (1977) (cited by Mendel et al. 1984) showed that overhead irrigation 
prolonged the activity of the pathogen.  The developmental stage of black scale with the 
highest mortality caused by Lecanicillium lecanii was the young female (Podoler et al. 
1979a). 
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2.1.11. Influence of host scale size on parasitoids of Saisettia spp. 
and other soft scales 
Some studies have shown that the number of offspring produced by Metaphycus spp. 
per host scale is influenced to a large degree by size of the host (Bernal et al. 1999a, Tena & 
Garcia-Mari 2009).  The number of Metaphycus flavus and Metaphycus stanleyi emerging 
from Coccus hesperidum increased with host size (Fig. 2.8a).  The broods of two wasps were 
between one and five wasps with the maximun 11 for Metaphycus flavus, and 10 for 
Metaphycus stanleyi.  The proportion of multiple broods also rose significantly with host 
size (Fig. 2.8b) (Bernal et al. 1999a).  Similarly, the brood size of Metaphycus lounburyi 
increased considerably with Saissetia oleae volume in a study reported by Tena & Garcia 
Mari (2009) (Fig. 2.9). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8.  Influence of Coccus hesperidum host size on Metaphycus flavus and 
Metaphycus stanleyi: (a) mean brood size, and (b) the proportion gregarious broods (i.e., 
broods ≥ 2 wasps relative to total broods) in Metaphycus flavus (hollow circles) and 
Metaphycus stanleyi (solid circles).  In both (a) and (b), dotted and solid lines represent 
linear regression lines for Metaphycus flavus and Metaphycus stanleyi, respectively.  Linear 
regression analyses were significant both for brood size (Metaphycus flavus, r2 = 0.88, F(1,8) 
= 58.8, P ˂ 0.001; Metaphycus stanleyi, r2 = 0.87, F(1,8) = 52.5, P ˂ 0.001) and for 
proportion gregarious broods (Metaphycus flavus, r2 = 0.85, F(1,7) = 38.6, P < 0.001; 
Metaphycus stanleyi, r2 = 0.98, F(1,9) = 422.1, P ˂ 0.001) (Bernal et al. 1999a). 
 
63 
 
 
 
 
Figure 2.9.  Influence of Saissetia oleae size (volume) on the brood size of Metaphycus 
lounsburyi when it parasitises ovipositing females on olives.  Brood size = Exp [0.043 * 
(scale volume) + 1.986]; GLM based on semi-Poisson distribution: n = 126; F = 29.63; P < 
0.0001; 18.52% deviance explained (Tena & Garcia Mari 2009). 
 
 
 
 
It has been shown that the size individuals of Metaphycus spp. was influenced by that 
of the host scale.  The size of both Metaphycus flavus and Metaphycus stanleyi emerging 
from Coccus hesperidum increased with host size (Bernal et al. 1999a).  Similarlly, the size 
of Metaphycus lounsburyi (both females and males) increased significantly with Saissetia 
oleae volume (Tena & Garcia-Mari 2009).  
The size of Metaphycus spp. at emergence was related to the size of the host.  
Metaphycus flavus broods (both solitary and multiple broods) emerged from hosts 0.8–3.3 
mm long while Metaphycus stanleyi emerged from hosts 1.0–3.9 mm long.  The multiple 
broods in Metaphycus flavus emerged only from slightly larger hosts than in Metaphycus 
stanleyi (> 1.5 mm long and > 1.4 mm long, respectively) (Bernal et al. 1999a).  Bernal et 
al. 1999b noted that Metaphycus flavus and to a lesser degree Metaphycus helvolus were 
effective to exploited Coccus pseudomagnoliarum as small as 1.1 mm long.  Metaphycus 
luteolus may be able to effectively be exploited the scale as small as 1.2 mm long but this 
need to be further interested.  Ibrahim (1984) showed that a significantly (P < 0.05) greater 
number of Scutellista caerulea adults emerged from Saissetia coffeae adults > 3.5 long than 
from smaller scale adults.  
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2.1.12. Influence of foliar nitrogen on the development and 
fecundity of black scale and other soft scales. 
Beattie et al. (1990) reported impacts of foliar nitrogen (N) on the growth and 
phenology of white wax scale (Ceroplastes destructor) and hard wax scale (Ceroplastes 
sinensis) on the Somersby Plateau in mid-coastal New South Wales.  Scales on trees with 
higher levels of N were larger and matured earlier than the scales on trees with lower levels 
of N.  Foliar N levels also influenced the size and fecundity of the scales (Beattie et al. 1990). 
In Portugal, De Freitas (1972) noted that a second partial generation of Saissetia oleae 
observed in the Carregado region was, in addition to proximity of the sea and River Tagus, 
possibly related to the application of N fertiliser which coincided with the second generation 
of the scale.  This study assessed impacts of foliar N on the size and fecundity of Saissetia 
oleae and Ceroplastes sinensis females, and the relationships between percent parasitism of 
the scales by Metaphycus spp. and Scutellista caerulea and size and fecundity of the scales. 
 
2.2. Hard wax scale 
2.2.1. Biology of hard wax scale 
2.2.1.1. Systematics and nomenclature 
Ceroplastes sinensis (Hemiptera: Sternorrhyncha: Coccidae) was first described by 
Del Guercio in Italy 1900.  The host plant was sweet orange (Citrus ×aurantium: Citrus 
sinensis) (Del Guercio 1900).  Common names include caparreta blanca, carrapeta-branca, 
Chinese wax scale, craca, hard wax scale (Garcia-Morales et al. 2016). 
 
2.2.1.2. Geographic origin and distribution 
The origin of Ceroplastes sinensis was erroneously assumed to be China (De Lotto 
1971, Williams & Kosztarab 1972) but it is native to South America (Qin et al. 1994, Smith 
et al 1997).  The South American origin was supported later by the discovery of heavily 
parasitised individuals of Ceroplastes sinensis in Argentina (Hodgson & Peronti 2012). 
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Ceroplastes sinensis is widely distributed throughout all continents (Australasian, 
Nearctic, Neotropical, Oriental, Palaearctic), with the exception of Antarctica (Snowball 
1970, Qin & Gullan 1994, Lo 1995, Stathas et al. 2003, Martínez-Ferrer et al. 2015). This 
species has been recorded in Australian Capital Territory, New South Wales, Queensland, 
South Australia, Western Australia (De Lotto 1971, Beattie 1988, Qin & Gullan 1994, Smith 
et al. 1997).  It was first recorded in Australia in August 1966 in the Royal Botanic Gardens, 
Sydney.  In 1967 it was recorded in several northern suburbs in the Sydnay metropolitan 
area (Snowball 1970). 
 
2.2.1.3. Economic importance 
Ceroplastes sinensis is considered as a sporadic pest of citrus in Italy and Spain, and 
a key pest in New Zealand (Lo 2004).  In Australia, it is a serious pest of citrus (Snowball 
1970, Qin & Gullan 1994, Smith et al. 1997). 
 
2.2.1.4. Hosts 
Ceroplastes sinensis occurs on hosts other than citrus with over 200 species of plants 
becoming infested (Qin & Gullan 1994, Smith et al. 1997).  
 
2.2.1.5. Biology  
Ceroplastes sinensis is a polyphagus scale insect (Qin et al. 1994).  The adult female 
is 3–7 mm long and convex.  The dorsal wax cover is formed of plates that are not very 
distinctly divided.  The anterior portion of the cover is slightly lower than posterior and is 
white, while the posterior is light brown or pink Borchsenius (1957).  
The external appearance of the scale is illustrated in Fig. 2.10.  Females have three 
larval instars (Snowball 1970, Pollet 1972, Cilliers 1967, Lo & Chapman 1998).  In the first 
instar, there is no difference between the sexes.  The peripheral and dorsal processes of white 
wax are the predominant characteristics.  Up to the early third instars, white wax processes 
concealed the body wax of females as in the males.  As the scale increased in size, the body 
wax, usually pink, but in some cases bright red, is the most prominent feature.  The body 
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wax colour then fades to white, starting at the anterior end and, the dorsal and lateral white 
wax processes gradually corrode.  The body wax is divided into contrasting coloured 
portions, the anterior half being white and the posterior pink.  Ultimately the external wax 
coating becomes entirely white or brownish white.  The shape of the wax covering also 
changes as the insect increases in size.  In the stage when the wax covering is entirely pink, 
the dorsal area is slightly flattened.  The central dorsal area becomes raised with the greatest 
elevation occurring behind the diminished dorsal white wax process, therefore, in the final 
stage, when the pink wax lost its coloration, the external wax covering has a humped 
appearance.  The external morphology of the females is not closely correlated with the instar.  
Rosettes can appear at first, second or third instar, the stage with pink body wax can be third 
or fourth (adult) instar, and striking changes occur through the adult instar (Snowball 1970). 
Males are rare with only 2.5% of 761 scales on leaves of Ficus virens Aiton (Rosales: 
Moraceae) being males and they are not necessary for reproduction.  They have six 
developmental stages.  Males can be distinguished from females of the early second larva 
by the prolongation of the anterior white wax process (Snowball 1970). 
Oviposition usually begins in the late ‘half-pink, half-white’ stage, although 
sometimes it occurs only when the wax becomes entirely white (Snowball 1970).  Fecundity 
of C. sinensis is variable.  Lo (1995) recorded a mean of 1022 eggs in New Zealand, 
Snowball (1970) 2121 in Australia, Silvestri (1920) 2000 in Italy, and Stathas et al. (2003) 
3260 ± 770 eggs in Greece.  The maximum number of eggs recorded in Greece was 4003 
(Stathas et al. 2003), 4304 in New Zealand (Lo 1995), and 5475 in Australia (Beattie 1988).  
Snowball (1970) recorded that the oviposition of the scale occurred between late spring to 
early autumn (November to March) near Sydney.  According to Smith et al. (1997), Beattie 
& Gellatley (1983) and Hely et al. (1982), most eggs are produced, and hatch, in February 
to March in citrus orchards near Sydney. 
After egg hatching, the crawlers of C. sinensis move onto the leaves, generally along 
the leaf midribs. After several weeks, they move to the twigs or minor branches of honeydew 
(Smith et al. 1997).  They produce large quantities of honeydew (Smith et al. 1997) which 
in contrast to black scale, is ejected away from the scale body and host substrate (Beattie, 
pers. comm., 2016). 
 
67 
 
 
Figure 2.10. Ceroplastes sinensis Del Guercio, external appearance of female: (A) rosette, 
dorsal view; (B) rosette, lateral view; (C) stage with body wax entirely pink, dorsal view; 
(D) stage with body wax half-white, half-pink, dorsal view; (E) post-ovipositional stage with 
dorsally elevated wax covering, lateral view (Snowball 1970). 
 
 
 
One annual generation was reported in Italy (Monastero & Zaami 1959; Frediani 1967, 
Frediani 1960), in the USA (Virginia) (Kosztarab 1996), in Spain (Martinez-Ferrer et al. 
2015), in California and New Zealand (Lo 1996), and in Greece (Stathas et al. 2003).  In 
Australia, Ceroplastes sinensis develops one generation per year in the central and south 
coast regions of New South Wales, but bivoltine populations occur in Queensland (Smiths 
et al. 1997).  Beattie et al. (1990) found that the size of Ceroplastes sinnesis was positively 
related with N levels of citrus foliage, whereas levels of other nutrients had no effect. 
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2.2.1.6. Natural enemies 
Ceroplastes sinensis is attacked by many natural enemies including parasitoids, 
predators and pathogens (Table 2.4).  However, little information about the efficacy of its 
natural enemies is available in literature. 
In Greece, where Scutellista caerulea has been recorded as an abundant parasitoid of 
C. sinensis, eggs, larvae and pupae of the wasp have been recorded in up to 42% of live 
scales (Stathas et al. 2003).  In Spain, 8% parasitism was recorded by Martínez-Ferrer et al. 
(2015).  In Australia, Snowball (1970) considered the influence of Scutellista caerulea on 
the abundance of Ceroplastes sinensis near Sydney from May 1968 to May 1969 to be minor 
because its egg laying activities were poorly synchronised with those of the scale, and 
survival of its larvae in the absence of host eggs was low: larvae of Scutellista caerulea were 
present on 2 of 9 non-gravid in hosts and in 10 of 15 gravid hosts.  During November and 
December 1968, as oviposition by the scale commenced, only 2 of 639 gravid hosts scales 
harboured Scutellista caerulea.  Between June and September 1968, one larva was recorded 
beneath 304 non-gravid hosts.  Smith et al. (1997) reported parasitism by Scutellista caerulea 
ranged from 10–70%.   
In Spain, Coccophagus ceroplastae were found parasitising Ceroplastes sinensis with 
19%, mainly on third instars and female.  Another species, Aprostocetus ceroplastae Girault 
(Eulophidae), a speces distributed in Afrotropical, Australian/Pacific and Paleartic rigions 
(Malipatil et al. 2000), was the most abundant parasitoid on second instar, third instar and 
females of Ceroplastes sinensis in Spain (54% of the parasitoids emerged).  In New South 
Wales Aprostocetus ceroplastae was commonly associated with Ceroplastes sinensis, but 
parasitism was low (less than 10%) (Smith et al. 1997).  Metaphycus helvolus were found 
parasitising Ceroplastes sinensis with 19%, little on second instar, mainly on third instars 
and females in Spain (Martínez-Ferrer et al. 2015). 
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Table 2.4. Natural enemies of hard wax scale Ceroplastes sinensis. * Species present in Australia. 
 
Order and Family Species Parasitoid, predator, 
entomopathogen 
Records in association with Ceroplastes sinensis Occurrence and distribution in 
Australia 
Hymenoptera: 
Pteromalidae 
Scutellista caerulea (Fonscolombe)* ectoparasitoid/predator Snowball (1970), Limón et al. (1976), Monaco & 
Sabatino, (1980), Ripollés (1986), Stathas et al. 
(2003), Martínez-Ferrer et al. (2015).  
QLD, NSW, VIC, SA (Malipatil et al. 
(2000) 
Hymenoptera: 
Pteromalidae 
Moranila comperei (Ashmead)* 
 
primary parasitoid Snowball (1970) NSW 
Hymenoptera: 
Aphelinidae 
Coccophagus ceroplastae (Howard)* primary parasitoid Snowball (1970), Martínez-Ferrer et al. (2015) QLD, NSW, VIC, SA (Malipatil et al. 
2000, Smith et al. 2004b) 
Hymenoptera: 
Aphelinidae 
Coccophagus philippiae Silvestri male primary parasitoid, 
female hyperparasitoid 
Lo & Chapman (1998)  
Hymenoptera: 
Aphelinidae  
Coccophagus lycimnia Walker* female endoparasitoid Argyriou et al. (1976) QLD, SA, VIC (Malipatil et al. 2000) 
Hymenoptera: 
Encyrtidae 
Metaphycus helvolus (Compere)* primary parasitoid Calrrero (1980), Martínez-Ferrer et al. (2015) QLD, NSW, VIC, SA, WA (Malipatil et 
al. 2000) 
Hymenoptera: 
Encyrtidae 
Coccidoctonus dubius Girault* hyperparasitoid Lo & Chapman (1998), Noyes (1998) WA, NSW, QLD, SA (Malipatil et al. 
2000) 
Hymenoptera: 
Eulophidae 
Aprostocetus ceroplastae* primary endoparasitoid Argyriou et al. (1976), Smith et al. (1997), Malipatil 
et al. (2000), Martínez-Ferrer et al. (2015). 
NSW (Malipatil et al. 2000) 
 
Chrysopidae Chrysoperla carnea  Pen CY (1960)  
Coleoptera: 
Coccinellidae 
 
Chilocorus bipustulatus predator Stathas et al. (2003)  
Exochomus quadripustulatus predator Stathas et al. (2003)  
Halmus chalybeus Boisduval* predator Lo & Chapman (2001) Australia (Smith et al. 1997) 
 
Lepidoptera: 
Noctuidae 
Coccidiphaga scitula Rambur predator Monaco & Sabatino (1980)  
Hypocreales 
 
Verticillium lecanii (Zimmermann)* entomopathogen Smith et al. (1997), Lo & Chapman (1998) Australia (Smith et al. 1997) 
 Fusarium moniliformae var. 
subglutinans* 
entomopathogen Smith et al. (1997), Lo & Chapman (1998) Australia (Smith et al. 1997) 
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2.3. White wax scale 
2.3.1.  Biology of white wax scale 
2.3.1.1. Systematics and nomenclature 
Ceroplastes destructor (Newstead) (Hemiptera: Coccidae)—common names: soft wax 
scale (Hodson 2000), white wax scale (Smith et al. 1997). 
 
2.3.1.2. Geographic origin and distribution 
Ceroplastes destructor is native to South Africa.  It was possibly introduced into 
Australia in the 1860s (Bancroft 1869, Brimblecombe 1962, Williams & Watson 1990 
Hodgson & Peronti 2012).  Ceroplastes destructor used to be an important pest of the citrus 
industry in New South Wales, Queensland, and Western Australia until early 1970s.  Its 
importance declined dramatically after 1970 following the introduction and release of 
parasitoids from South Africa (Milne 1981, Hely et al. 1982, Sands et al. 1986, Beattie 1988, 
Smith et al. 1997).  The scale was commonly misidentified as Ceroplastes ceriferus 
(Fabricius) until Zeck (1932) showed that the species infesting citrus in Australia was 
Ceroplastes destructor (Hely et al. 1982).  Ceroplastes ceriferus does not occur on citrus 
(Hely et al. 1982).  Allen et al. (1898) considered that it was ‘probably introduced a good 
many years ago’ (see Hely et al. 1982). 
 
2.3.1.3. Hosts 
Ceroplastes destructor is polyphagous, and Ben-Dov (1993) reported it on about 39 
plant families.  In Australia, Brimblecombe (1956) recorded about 80 species of host plants 
from Queensland.  Snowball (1969) reported 106 host-plant species in New South Wales.  
Smith et al. (1997) reported main hosts of the scale include groundsel, white cedar, guava, 
persimmon, mango, pear, quince, gardenia, lillypilly, pittosporum, pepperina and turkey 
bush. 
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2.3.1.4. Biology  
Reproduction is parthenogenetic: the male is unknown in New South Wales (Hely et 
al. 1982). 
Ceroplastes dectructor adult females are covered by soft, white wax about 6 mm in 
diameter.  The body beneath the wax is light red or dark-brown, plump and soft. Its hind end 
narrows into a triangular tail (pygidium).  Ceroplastes destructor is distinguished from pink 
wax scale and hard wax scale by its larger and paler body.  The wax is soft and moist whereas 
the wax of the other species is firm and dry (Smith et al. 1997).  
In South Africa, Cilliers (1967) and Wakgari and Giliomee (1998, 2000) recorded two 
moults during the development of Ceroplastes destructor.  Cilliers (1967) noted that the 
crawlers are brick-red, 0.472 mm long and 0.235 mm wide.  On Melia azedarach, the 
crawlers initially settled along the midribs of the leaves, and then on the leaf-stalks.  The 
first moult occurred after approximately one month.  The second instar larvae then migrated 
from leaves to twigs, with the body positioned parallel to the twigs.  The second moult 
occurred about two months later, and the third after another three months. The third instar 
larva was sedentary.  
In Australia, there are two annual generations of Ceroplastes destructor in Queensland 
and northern New South Wales, with crawlers produced from mid-October to early 
February, and again from early April to September.  In the Sydney region of New South 
Wales, there is a single generation per year, with crawlers being produced from late-October 
to early Januray depending on prevailing ambient temperatures. 
 
2.3.1.5. Natural enemies 
There are 33 known natural enemies of Ceroplastes destructor (15 Encyrtidae, 6 
Aphelinidae, 2 Eulophidae, 1 Pteromalidae, 2 Noctuidae, 7 Coccinelidae, and one fungus) 
(Table 2.5) (Compere 1939b, Cilliers 1967, Snowball 1969, Annecke & Prinsloo 1976, 
Sands et al. 1986, Smith et al. 1997, Malipatil et al. 2000, Wakgari 2001).  According to 
Smith et al (1997), parasitism/predation by Scutellista caerulea can exceed 60% of young 
adult scales, but larval mortality is high.  Scutellista caerulea larvae feed mostly on eggs of 
Ceroplastes destructor, but it can first instar larvae can occur under immature adult female 
scale.  
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Table 2.5. Natural enemies of Ceroplastes destructor. *Species native to Australia. 
 
Order and 
Family 
Species Parasitoid, predator, 
entomopathogen 
Records in 
association with 
Ceroplastes 
destructor 
Occurrence and 
distribution in 
Australia 
Hymenoptera: 
Encyrtidae 
Anicetus sp. primary parasitoid Cilliers (1967), 
Wakgari (2001) 
 
Cerapterocerus initilus 
Compere 
primary parasitoid Cilliers (1967)  
Cerapterocerus sp. primary parasitoid Cilliers (1967)  
Bothriophruyne 
fuscicornis Compere 
primary parasitoid Cilliers (1967)  
Coccidoxenus ingens 
Annecke 
primary parasitoid Cilliers (1967)  
Aloencyrtus umbrinus 
sp. n. 
primary parasitoid Compere (1939b)  
Anicetus nyasicus 
(Compere)* 
primary parasitoid Sands et al. (1986), 
Smith et al. (1997), 
Wakgari (2001) 
NSW, QLD (Sands et 
al. 1986) 
Cheiloneurus sp. gregarious 
hyperparasitoid 
Wakgari (2001)  
Diversinervus elegans 
Silvestri* 
primary parasitoid Smith et al. (1997), 
Malipatil et al. 
(2000) 
NSW, QLD 
(Malipatil et al. 2000) 
Anicetus communis 
Annecke* 
primary parasitoid Snowbal (1969), 
Sand et al. (1986), 
Smith et al. (1997). 
NSW, QLD, WA, SA 
(Sands et al. 1986, 
Malipatil et al. 2000) 
Metaphycus spp.* primary parasitoid Smith et al. (1997), 
Wakgari (2001) 
Australia (Smith et al. 
1997) 
Metaphycus hevolus 
Compere* (?) 
primary parasitoid Malipatil et al. 
(2000) 
NSW, QLD, WA 
(Malipatil et al. 2000) 
Coccophagus atratus 
Compere 
primary parasioid Cilliers (1967), 
Wakgari (2001) 
 
Coccophagus catherinae 
Annecke 
primary parasitoid Wakgari (2001)  
Coccidoctonus dubius 
Girault* 
primary parasitoid Malipatil et al. 
(2000) 
NSW, QLD, WA, SA 
(Malipatil et al. 2001) 
Hymenoptera: 
Aphelinidae 
 
Enxanthellus sp. primary parasioid Cilliers (1967), 
Wakgari (2001) 
 
Coccophagus sp. nr. 
mathusi Gir* 
female possibly a 
primary parasitoid, 
male possibly a 
hyperparasitoid 
Snowball (1969)  
Coccophagus sp.* female possibly a 
primary parasitoid, 
male possibly a 
hyperparasitoid 
Snowball (1969)  
Coccophagus adustus 
Annecke & Prinsloo 
- Annecke & 
Prinsloo (1976) 
 
Marietta leopardina 
Motschulsky 
hyperparasitoid Wakgari (2001)  
Marietta connecta 
Compere 
hyperparasitoid Cilliers (1967)  
Hymenoptera: 
Eulophidae 
Testrastichus 
ceroplastae Girault* 
primary parasitoid Cilliers (1967), 
Sands et al. (1986) 
NSW (Sands et al. 
1986) 
Aprostocetus 
ceroplastae* 
primary parasitoid Malipatil et al 
(2000), Wakgari 
(2001) 
NSW (Malipatil et al 
2000) 
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Pteromalidae Scutellista caerulea 
Fonscolombe 
predator/parasitoid Smith et al. (1997), 
Malipatil et al 
(2000) 
 
Lepidoptera: 
Noctuidae 
Eublemma costimacula 
Saalm* 
predator Snowball (1969)  
Coccidophaga scitula 
Rambur 
predator Wakgari (2001)  
Coleoptera: 
Coccinellidae 
Halmus chalybeus 
Boisduval 
predator Smith et al (1997), 
Lo & Chapman 
(2001) 
Australia (Smith et al. 
1997) 
Exochomus flavipes 
Thunb. 
predator Wakgari (2001)  
Nephus sp. predator Wakgari (2001)  
Scymnodes lividigaster 
Mulsant 
predator Smith et al. 1997 Australia (Smith et al. 
1997) 
Serangium bicolor 
Blackburn 
predator Smith et al. 1997 Australia (Smith et al. 
1997) 
Micrapis frenata 
Erichson 
predator Smith et al. 1997 Australia (Smith et al. 
1997) 
Mallada spp. predator Smith et al. 1997 Australia (Smith et al. 
1997) 
Hypocreales: 
Nectriaceae 
Fusarium stilboides 
Wollenweber 
entomopathogen Smith et al. 1997 Australia (Smith et al. 
1997) 
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Chapter 3: Identification of black scale 
species on citrus and olive in temperate 
Australia 
3.1. Introduction 
The accurate identification of insects is essential for several reasons.  Systematic and 
phylogenetic studies are needed to catalogue the Earth’s dwindling biodiversity, to explain 
how this biodiversity relates to patterns of plant and animal distributions and how these 
patterns link with their ecology and geography.  Crop production is intensifying and, along 
with this, there is an increase in international trade.  This gives rise to quarantine issues, and 
the identification of potential pest species is important with respect to the introduction of 
new pests into an area and the spread of established pests within an area.  Additionally, much 
effort has been made developing integrated pest management programs to control pests, and 
identification is an essential first step that facilitates an understanding of the biology, ecology 
and population structure of a pest. 
Traditionally, identifications have been made using the morphological characteristics 
of the insect.  However, this has several problems.  Firstly, immature stages may be difficult 
to identify, and specimens may be damaged.  Secondly, cryptic species may exist.  Such 
species have been defined as morphologically indistinct lineages separated by species-level 
genetic differences (Belfiore et al. 2003), and studies of apparently generalist phytophagous 
insects often reveal complexes of genetically differentiated host races or cryptic species 
(Brunner et al. 2004).  Hebert et al. (2004) report a study of the butterfly, Astraptes fulgerator 
Walch [Lepidoptera: Hesperiidae], a common and widely distributed neotropical species.  
They argue that, based on caterpillar colour patterns, food plant usage, and adult 
morphology, lineages of this insect are reproductively isolated and should be split into ten 
species.  A second study by Brunner et al. (2004) using Thrips tabaci Lindeman 
[Thysanoptera: Terebrantia], a widespread pest and a vector of tomato spotted wilt virus, 
found different genetic lineages from different host species and that only one of these 
lineages was a virus vector.  Both of these studies were facilitated by the use of molecular 
techniques, techniques that can also be applied to quarantine identifications. 
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As detailed in Chapter 2, De Lotto (1971a, 1976), on the basis of coccid morphology, 
showed that the soft scale commonly known as black scale since 1880 (Quayle 1911) was in 
fact a species complex of closely related taxa that included Saissetia oleae, Saissetia 
miranda, Saissetia neglecta and Saissetia privigna.  Distinguishing characters of the four 
species have been reported including the appearance and number of marginal setae and the 
number of preopercular pores on the dorsal side (Table 3.8) (Argyriou 1963: De Lotto 1971a, 
1976, Morrilo 1977; Hamon & Williams 1984; Gill 1988; Mohammad 2013).  Prior to the 
commencement of my studies, the morphology of black scale in Australia had not been 
extensively examined and no molecular analyses had been undertaken.  However, towards 
the end of my study, morphological and molecular studies were reported by Lin et al. (2017a) 
at the 48th Annual Conference of the Australian Entomological Society in September 2017.  
As little work had been performed on black scale, this chapter examined the morphology 
and molecular biology of this pest from different hosts and regions of temperate Australia.  
 
3.2. Materials and methods 
3.2.1 Source of specimens 
Specimens of black scale were collected from citrus and olive growing temperate 
regions in New South Wales, Victoria, Western Australia and South Australia and were 
preserved, initially in 80% ethanol, then 100% ethanol for light and scanning electron 
microscopy to determine morphological differences.  The morphology of black scale 
accessions from these regions was compared using the number of marginal setae on the 
anterior section of the body, between posterior and interior stigmatic clefts and the posterior 
of the body.  Also, the number of preopercular pores on dorsal side of the scale was 
examined.  Comparisons were then made with the descriptions of Saissetia oleae, Saissetia 
miranda, Saissetia neglecta and Saissetia privigna by De Lotto (1969, 1971a), Hamon and 
Williams (1984), Gill (1988) and Tang (1991) (Fig. 3.1).  These samples were also used to 
determine the molecular differences between the species in temperate Australia.  Larval and 
adult scales were used for molecular studies.  Details regarding host plants and locations 
from where the specimens were collected are shown in Table 3.1. 
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3.2.2. Slide preparation and microscopy  
Specimens of fresh and preserved adult female scale were mounted on slides using the 
procedure described by Kozorzhevskaya (1968).  Five specimens of young, adult females 
from each region were used to make slide mounts.  The specimens were killed in 70% 
alcohol, then punctured by making a small slit on their right margin and were then placed in 
10% KOH overnight.  The following day, the body contents were removed by gently 
pressing their dorsal surface with either fine brushes or bent pins, and then they were pressed 
to dorso-ventrally to flatten them.  These specimens were then placed in water containing 1–
3 drops of Decon 90 for 5–10 min and then pressed gently to remove the last of the body 
contents.  Next, specimens were transferred into acid alcohol for 1 h before being placed into 
stain (2 drops of acid fuchsin, 3 drops of acid alcohol (20 parts glacial acetic acid 80 parts 
50% alcohol), 3 drops of 95% alcohol) for 30 min.  The stained specimens were then placed 
in 95% alcohol for 10 min and then in 100% alcohol for 10 min.  This last step was repeated 
three times.  The specimens were then placed in clove oil for 1 h and then mounted on slides 
in Canada balsam.  The specimens were examined using an Olympus BX60 compound 
microscope (Olympus Corporation, Tokyo, Japan) to determine the numbers of anterior, 
medial, and posterior marginal setae (Fig. 3.8, 3.11) and preopercular pores (Fig. 3.9). 
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Figure 3.1.  Distinguishing morphology of Saissetia oleae, Saissetia miranda and Saissetia neglecta by Hamon (1984) and Gill (1988). 
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3.2.3. Molecular characterisation 
 
3.2.3.1. DNA extraction 
Specimens used for DNA extraction were either fresh or stored in 100% ethanol at -
20°C.  Single specimens were used for each extraction.  Each specimen was placed in a 1.5 
mL Eppendorf tube and treated with 800 µL of 2% bleach for 1 min.  They were then washed 
in 800 µL water containing Triton X-100 (1% v/v) for 1 min with gentle vortexing and then 
rinsed three times with Milli Q water.  DNA extraction was carried out using the ISOLATE 
II Genomic DNA Kit (Bioline) following the manufacturer’s instructions. 
 
3.2.3.2. PCR components 
The mitochondrial cytochrome oxidase subunit I (COI) gene and the nuclear gene, 
elongation factor alpha (EF1), 18S ribosomal RNA gene (18S), and the 28S ribosomal 
RNA gene (28S) were amplified in 25 µL reactions using the primers listed in Table 3.2.  
The amplification reactions contained 0.13 μL Taq polymerase (GoTaq Flexi DNA 
Polymerase, Promega Corporation, 5 U/μL); 5 µL of 5 × reaction buffer; 2.5 μL MgCl2 (25 
mM) (Promega), 0.6 μL dNTPs (10 mM each) (Promega); 1 μL forward primer (20 mM); 1 
μL reverse primer (10 mM); 1 μL DNA template; and 13.8 μL PCR water. 
  
3.2.3.3. PCR conditions 
The following PCR conditions were used for the genes from Saissetia oleae using a 
Dyad Peltier thermal cycler (Bio-Rad Laboratories Inc.). 
For COI, the conditions were: an initial denaturation at 94 °C for 3 min; 35 cycles of 
denaturation at 94 °C for 30 s; primer annealing at 52 °C for 50 s; and primer extension at 
72 °C for 1 min; and a final extension at 72 °C for 10 min (Deng et al. 2012). 
For 28S: an initial denaturation at 94 °C for 4 min; 35 cycles of DNA denaturation at 
94 °C for 60 s; primer annealing at 55 °C for 50 s; primer extension at 72 °C for 45 s; and a 
final extension at 72 °C for 7 min (Lin et al. 2013).  
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For EF1: an initial denaturation at 94 °C for 4 min; 39 cycles of denaturation at 94 
°C for 60 s; primer annealing at 50 °C for 30 s; primer extension at 72 °C for 45 s; and a 
final extension at 72 °C for 3 min (Lin et al. 2013). 
For 18S: the conditions were as for EF1, but primer annealing was performed at 55 
°C for 30 s (Lin et al. 2013). 
 
3.2.3.4. Gel electrophoresis and DNA sequencing 
PCR products were loaded into 1% agarose gels containing GelRed (0.25 µL/mL, 
Biotium).  A Quick-Load® 1 kb DNA Ladder (New England) was used as a size marker.  
Electrophoresis was conducted at 110 V for 35 to 40 min.  Bands in gels were visualized and 
photographed using UV transillumination in a GelDoc 2000 (Bio-Rad Laboratories Inc.).  
Purification of amplicons was conducted using a mixture of thermosensitive alkaline 
phosphatase (TSAP (1 U/µL, Promega) and Exonuclease I (20 U/µL, New England Biolabs 
Inc.)).  A volume of 2 μL of Exo-SAP mixture (containing 2.5 μL exonuclease I, 25 μL 
thermosensitive alkaline phosphatase (1 U/μL) in 172.5 μL DNA free water) was added into 
each PCR product (20 μL).  The samples were then incubated at 37 °C for 30 min and then 
95 °C for 5 min.  Purified PCR products were sequenced by Macrogen Inc., Seoul, Korea 
using an ABI 3700 DNA sequencer. 
 
3.2.3.5. Phylogenetic analysis of Saissetia oleae 
The forward and reverse DNA sequences of both genes were assembled and edited 
using Geneious 8.0.5.  The sequences were aligned using Muscle as enabled in MEGA 
(Version 7; Kumar et al. (2016)).  Phylogenetic relationships of Saissetia oleae accessions 
from my study and Saissetia oleae and Saissetia miranda from GenBank (Table 3.3) were 
determined based on the four DNA regions.  Aligned sequence datasets were subjected to 
phylogenetic analyses by maximum likelihood (ML) using MEGA 7.  For these analyses, 
the most appropriate models of evolution were determined using MEGA 7 and were on the 
lowest Bayesian Information Criterion (BIC) scores.  For 28S, the ML analysis used the 
Tamura 3-parameter model of evolution (Tamura 1992).  For EF1, the ML analysis was 
based on the Kimura 2-parameter model (Kimura 1980).  For COI, the ML analysis was 
based on Tamura-Nei model (Tamura & Nei 1993) with a discrete Gamma distribution (5 
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categories (+G, parameter = 0.1345).  For 18S, the ML analysis used Kimura 2-parameter 
model (Kimura 1980) with a discrete Gamma distribution (5 categories (+G, parameter = 
0.0500)).  For all four analyses, initial trees for the heuristic search were obtained 
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise 
distances estimated using the maximum composite likelihood approach, and then selecting 
the topology with the superior log likelihood value.  Each analysis was replicated with 1000 
bootstraps.  GenBank accessions used for the four analyses are shown in Table 3.4. 
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Table 3.1. Host scale, plants, and locations in New South Wales, Victoria, Western Australia and South Australia from which Saissetia 
oleae were collected. 
 
Sequence Specimen code Host plant Location Latitude & 
longitude 
Accession number 
COI 18S 28S EF1α 
1.  S. oleae OLNSW1 Picual olive Lue, NSW 32.65°S, 149.85°E MH168885 MH168814 MH168849  
2.  S. oleae OLNSW2 Picual olive Lue, NSW 32.65°S, 149.85°E MH168884 MH168815 MH168850  
3.  S. oleae OLNSW3 Picual olive Lue, NSW 32.65° S, 149.85° E MH168886  MH168851  
4.  S. oleae OLNSW4 Picual olive Lue, NSW 32.65° S, 149.85° E  MH168816 MH168852  
5.  S. oleae OLNSW5 Picual olive Lue, NSW 32.65° S, 149.85° E  MH168817 MH168853  
6.  S. oleae OLNSW6 Picual olive Lue, NSW 32.65° S, 149.85° E    MH194323 
7.  S. oleae OLNSW7 Picual olive Lue, NSW 32.65° S, 149.85° E    MH194324 
8.  S. oleae OLNSW8 Picual olive Lue, NSW 32.65° S, 149.85° E    MH194325 
9.  S. oleae OLNSW9 Picual olive Lue, NSW 32.65° S, 149.85° E    MH194326 
10.  S. oleae OLNSW10 Picual olive Lue, NSW 32.65° S, 149.85° E MH168888    
11.  S. oleae OLNSW11 Picual olive Lue, NSW 32.65° S, 149.85° E MH168887   MH194327 
12.  S. oleae OBNSW1 Corregiola olive Botobolar, NSW 32.52° S, 149.82° E   MH168844  
13.  S. oleae OBNSW2 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168895  MH168845 MH194318 
14.  S. oleae OBNSW3 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168899  MH168846 MH194319 
15.  S. oleae OBNSW4 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168894    
16.  S. oleae OBNSW6 Corregiola olive Botobolar NSW 32.52° S, 149.82° E  MH168828  MH194320 
17.  S. oleae OBNSW9 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168898    
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18.  S. oleae OBNSW11 Corregiola olive Botobolar NSW 32.52° S, 149.82° E   MH168848  
19.  S. oleae OBNSW15 Corregiola olive Botobolar NSW 32.52° S, 149.82° E    MH194322 
20.  S. oleae OBNSW16 Corregiola olive Botobolar NSW 32.52° S, 149.82° E    MH194321 
21.  S. oleae OBNSW18 Corregiola olive Botobolar NSW 32.52° S, 149.82° E  MH168829   
22.  S. oleae OBNSW21 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168896    
23.  S. oleae OBNSW22 Corregiola olive Botobolar NSW 32.52° S, 149.82° E MH168897 MH168827 MH168847  
24.  S. oleae OGNSW1 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E     
25.  S. oleae OGNSW2 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E MH168902 MH168826 MH168836 MH194301 
26.  S. oleae OGNSW3 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E MH168901 MH168825 MH168838  
27.  S. oleae OGNSW5 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E MH168900 MH168824   
28.  S. oleae OGNSW6 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E  MH168823 MH168835  
29.  S. oleae OGNSW8 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E    MH194302 
30.  S. oleae OGNSW9 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E   MH168837  
31.  S. oleae OGNSW10 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E    MH194303 
32.  S. oleae OGNSW12 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E    MH194304 
33.  S. oleae OGNSW13 Olive, unknown variety Galston, NSW 33.11° S, 151.1 ° E MH168903 MH168822  MH194305 
34.  S. oleae LKNSW1 Lime Kulnura, NSW 33.38°S, 151.37°E MH168908   MH194306 
35.  S. oleae LKNSW2 Lime Kulnura, NSW 33.38°S, 151.37°E MH168911 MH168813   
36.  S. oleae LKNSW3 Lime Kulnura, NSW 33.38°S, 151.37°E MH168910  MH168869  
37.  S. oleae LKNSW4 Lime Kulnura, NSW 33.38°S, 151.37°E MH168909 MH168811   
38.  S. oleae LKNSW6 Lime Kulnura, NSW 33.38°S, 151.37°E  MH168812 MH168868  
39.  S. oleae LKNSW7 Lime Kulnura, NSW 33.38°S, 151.37°E    MH194307 
40.  S. oleae LKNSW8 Lime Kulnura, NSW 33.38°S, 151.37°E    MH194308 
41.  S. oleae LKNSW9 Lime Kulnura, NSW 33.38°S, 151.37°E    MH194309 
42.  S. oleae LKNSW10 Lime Kulnura, NSW 33.38°S, 151.37°E MH168912   MH194310 
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43.  S. oleae LKNSW11 Lime Kulnura, NSW 33.38°S, 151.37°E    MH194311 
44.  S. oleae LKNSW12 Lime Kulnura, NSW 33.38°S, 151.37°E    MH194312 
45.  S. oleae OENSW1 Manzanillo. Olive Ebenezer, NSW 33.49° S, 150.81°E MH168877 MH168818 MH168854  
46.  S. oleae OENSW2 Manzanillo. Olive Ebenezer, NSW 33.49° S, 150.81° E MH168876 MH168819  MH194337 
47.  S. oleae OENSW3 Manzanillo. Olive Ebenezer, NSW 33.49° S, 150.81° E MH168875 MH168820 MH168855 MH194338 
48.  S. oleae OENSW4 Manzanillo. Olive Ebenezer, NSW 33.49° S, 150.81° E MH168874 MH168821 MH168856  
49.  S. oleae OENSW5 Manzanillo. Olive Ebenezer, NSW 33.49° S, 150.81° E MH168873  MH168857 MH194339 
50.  S. oleae OMVIC1 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E MH168893 MH168808 MH168839 MH194313 
51.  S. oleae OMVIC2 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E MH168892  MH168840 MH194314 
52.  S. oleae OMVIC3 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E MH168891  MH168841 MH194315 
53.  S. oleae OMVIC4 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E MH168890 MH168809 MH168842 MH194316 
54.  S. oleae OMVIC5 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E   MH168843 MH194317 
55.  S. oleae OMVIC7 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E  MH168810   
56.  S. oleae OMVIC16 Frantoio Olive Mildura, VIC 34.71° S, 143.14° E MH168889    
57.  S. oleae OAVIC1 Picual olive Avendel, VIC 36.92° S, 145.27° E MH168906 MH168805 MH168830  
58.  S. oleae OAVIC2 Frantoio olive Avendel, VIC 36.92° S, 145.27° E MH168905 MH168806 MH168831 MH194298 
59.  S. oleae OAVIC3 Leccino olive Avendel, VIC 36.92° S, 145.27° E MH168904 MH168807 MH168834 MH168913 
60.  S. oleae OAVIC4 Leccino olive Avendel, VIC 36.92° S, 145.27° E MH168907   MH194299 
61.  S. oleae OAVIC5 Picual olive Avendel, VIC 36.92° S, 145.27° E   MH168832  
62.  S. oleae OAVIC6 Picual olive Avendel, VIC 36.92° S, 145.27° E   MH168833 MH194300 
63.  S. oleae OSVIC1 Leccino olive Sunbury, VIC 37.55° S, 144.70° E    MH194334 
64.  S. oleae OSVIC2 Leccino olive Sunbury, VIC 37.55° S, 144.70° E    MH194335 
65.  S. oleae OSVIC3 Leccino olive Sunbury, VIC 37.55° S, 144.70° E    MH194336 
66.  S. oleae OSVIC6 Leccino olive Sunbury, VIC 37.55° S, 144.70° E MH168880    
67.  S. oleae OSVIC8 Leccino olive Sunbury, VIC 37.55° S, 144.70° E MH168879 MH168797 MH168865  
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68.  S. oleae OSVIC9 Leccino olive Sunbury, VIC 37.55° S, 144.70° E MH168878 MH168798 MH168866  
69.  S. oleae OSVIC10 Leccino olive Sunbury, VIC 37.55° S, 144.70° E  MH168799 MH168867  
70.  S. oleae OGWA1 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE   MH168858 MH194328 
71.  S. oleae OGWA2 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE   MH168859 MH194329 
72.  S. oleae OGWA3 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE    MH194330 
73.  S. oleae OGWA4 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE   MH168860 MH194331 
74.  S. oleae OGWA5 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE   MH168861 MH194332 
75.  S. oleae OGWA6 (or S. oleae OWA6) Frantoio olive Glenoran, WA 34.38°S, 116.62ºE MH168872 MH168804   
76.  S. oleae OWA7 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE MH168871    
77.  S. oleae OWA9 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE MH168870    
78.  S. oleae OGWA14 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE    MH194333 
79.  S. oleae OGWA16 Frantoio olive Glenoran, WA 34.38°S, 116.62ºE  MH168803   
80.  S. oleae OSSA 1 Wild olive Strathalbyn, SA 35.25° S, 138.90° E    MH194340 
81.  S. oleae OSSA 2 Wild olive Strathalbyn, SA 35.25° S, 138.90° E   MH168864  
82.  S. oleae OSSA 3 Wild olive Strathalbyn, SA 35.25° S, 138.90° E MH168882   MH194341 
83.  S. oleae OSSA 5 Wild olive Strathalbyn, SA 35.25° S, 138.90° E MH168881   MH194342 
84.  S. oleae OSSA 8 Wild olive Strathalbyn, SA 35.25° S, 138.90° E MH168883 MH168800 MH168863  
85.  S. oleae OSSA 10 Wild olive Strathalbyn, SA 35.25° S, 138.90° E  MH168802 MH168862  
86.  S. oleae OSSA 11 Wild olive Strathalbyn, SA 35.25° S, 138.90° E  MH168801   
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Table 3.2. Primers used to amplify different genes from black scale in this study. 
 
 
Primer Sequence (5’ 3’) Reference 
COIf (C1-1554F) 
COIr (C1-2342R) 
CAG GAA TAA TAG GAA CAT CAA TAA G 
ATC AAT GTC TAA TCC GAT AGT AAA TA 
Deng et al. (2012) 
 
Eff (ScutA) 
EFr (RcM526) 
ATT GTC GCT GCT GGT ACC GGT GAA TT 
GCY TCG TGG TGC ATY TCS AC 
Hardy (2008) 
Cho et al. (1995)  
28Sf (S366) 
28Sr (S335) 
GAG AGT TMA ASA GTA CGT GAA AC 
 TCG GAR GGA ACC AGC TAC TA 
Dowton & Austin (1998) 
Whiting et al. (1997) 
18Sf (2880) 
18Sr (Br) 
CTG GTT GAT CCT GCC AGT AG 
CCG CGG CTG GCA CCA GA 
Tautz et al. (1988) 
Von Dohlen & Moran (1995)  
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Table 3.3.  List of GenBank accessions of species used for molecular phylogeny. 
 
Region Accession number Reference 
COI JX845480 Lin et al. (2013) 
JX853908 Lin et al. (2013) 
KM019167 Deng et al. (2015) 
KP189776 Wang et al. (2015) 
KP189777 Wang et al. (2015) 
KP189778 Wang et al. (2015) 
KP189780 Wang et al. (2015) 
KP189781 Wang et al. (2015) 
KP189786 Wang et al. (2015) 
KP189788 Wang et al. (2015) 
KY085262 Amouroux et al. (2017)  
KY085285 Amouroux et al. (2017)  
KY085382 Amouroux et al. (2017) 
KY927539 Lin et al. (2017b) 
 KY927540 Lin et al. (2017b) 
18S HQ893795 Rosenblueth et al. (2012) 
JQ651070 Sethusa et al. (2013) (unpublished) 
JX566917 Lin et al. (2017b) 
JX866682 Lin et al. (2017b) 
KM350545 Perret et al. 2013 (unpublished) 
KY927547 Lin et al. (2017b) 
KY927600 Lin et al. (2017b) 
 KY927548 Lin et al. (2017b) 
EF1α JX965091 Lin et al. (2013) 
JX965101 Lin et al. (2013) 
KY938536 Lin et al. (2017b) 
 KY938537 Lin et al. (2017b) 
28S JX645353 Lin et al. (2013) 
JX866694 Lin et al. (2013) 
KP189491 Wang et al. (2015) 
KP189511 Wang et al. (2015) 
KP189512 Wang et al. (2015) 
KP189513 Wang et al. (2015) 
KP189522 Wang et al. (2015) 
KY085785 Amouroux et al. (2017)  
KY085803 Amouroux et al. (2017)  
KY085805 Amouroux et al. (2017)  
KY085807 Amouroux et al. (2017)  
KY927550 Lin et al. (2017b) 
KY927549 Lin et al. (2017b) 
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3.3. Results 
3.3.1. Molecular and phylogenetic analyses 
3.3.1.1. 28S region 
BLAST searches using the 28S sequences obtained in this study found that my 
Saissetia oleae sequences share 99–100% identity with Saissetia oleae accessions from 
Chile (KY085807, KY085805, KY085803 & KY085785) and China (KP189513, 
KP189512.1, KP189511), 99% identity with Saissetia oleae accessions from the USA 
(KY927549), and 99% identity with accessions of Saissetia miranda from China 
(KP189511) and Taiwan (JX866694). 
The phylogenetic tree with the highest log likelihood based on the 28S region showing 
the relationship of accessions of Saissetia oleae from Australia with accessions of Saissetia 
oleae and Saissetia spp. from GenBank is presented in Fig. 3.2.  In the bootstrap analysis, 
certain nodes had poor support and the consensus tree in which nodes with bootstrap values 
of less than 50% are collapsed is shown in Fig. 3.3.  The trees are rooted with Ceroplastes 
rusci L. [Hemiptera: Coccidae].  The consensus tree shows the existence of three clades (A, 
B and C).  Clade A contains the accessions of Saissetia coffeae and is sister to Clade B.  
Clade B contains the accession of Saissetia somereni and sister to Clade C.  The Clade C 
consists of a large basal polytomy consisting of the accessions of Saissetia oleae from 
Australia and the USA and from which arises subclades containing accessions of Saissetia 
oleae from China and Chile and of Saissetia miranda from China and Taiwan.  The 
accessions of Saissetia oleae from Australia and the USA were identical with each other.  
The average p-distances within and between groups of accessions are shown in Table 
3.4.  All within group p-distances were small.  Little difference in this parameter can be 
found among the groups of accession of S. oleae from Australia, the USA, Chile and China 
nor with the group of accessions of Saissetia miranda from Taiwan and China.  The p-
distances between these former groups with Saissetia somereni and Saissetia coffeae were 
approximately 2–4 fold and 10-fold higher, respectively. 
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Table 3.4.  Within group and between group p-distances derived from the 28S sequences.  The distances show the number of base differences 
per site from averaging over all sequence pairs.   
 
 
 
 
 
 Within group 
Between groups 
  
S. oleae, 
Australia & 
USA 
S. oleae, 
Chile S. oleae, China S. miranda S. somereni S. coffeae 
S. oleae, Australia & USA 0.000       
S. oleae, Chile 0.001 0.005      
S. oleae, China 0.000 0.002 0.007     
S. miranda 0.005 0.006 0.011 0.007    
S. somereni n/d 0.024 0.026 0.022 0.026   
S. coffeae 0.000 0.06 0.058 0.058 0.062 0.058  
C. rusci n/d 0.108 0.110 0.110 0.110 0.1 0.118 
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Figure 3.2.  Phylogenetic analysis of the 28S rDNA region derived using maximum 
likelihood and the Tamura 3-parameter model of evolution (Tamura 1992).  The tree with 
the highest log likelihood (-1409.8744) is shown.  The percentage of trees from 1000 
bootstrap replicates in which the associated taxa clustered together is shown next to the 
branches. A discrete Gamma distribution was used to model evolutionary rate differences 
among sites (5 categories (+G, parameter = 0.2799)). 
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Figure 3.3.  The bootstrap consensus tree inferred from 1000 replicates (Felsenstein 1985) 
of the 28S sequence data.  The evolutionary history was inferred by using maximum 
likelihood based on the Tamura 3-parameter model (Tamura 1992).  Branches corresponding 
to partitions reproduced in less than 50% bootstrap replicates are collapsed and the 
percentage of replicate trees in which the associated taxa clustered together in the bootstrap 
test are shown next to the branches. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (5 categories (+G, parameter = 0.2683)). 
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3.3.1.2. EF1 
BLAST searches using the EF1 sequences obtained in this study found that my 
Saissetia oleae sequences share 100% identity with accession KY938536 of Saissetia oleae 
from USA and 99% identity with accession JX965101 of Saissetia miranda from Taiwan.  
The phylogenetic relationships between these accessions are shown in Figure 3.4; the tree 
was rooted with Saissetia coffeae.  Accessions of Saissetia oleae from Australia form a 
single clade that also contains the American accession of this species.  Sister to this is the 
clade containing the accession of Saissetia miranda from Taiwan, the only accession from 
this species in GenBank.  The accession of Saissetia somereni formed a clade that was 
intermediate between Saissetia miranda and Saissetia coffeaea.  No variation within the 
groups was found.   
The average p-distances within and between the three species are shown in Table 3.5.  
Within group p-distances could only be calculated for Saissetia oleae as there were only 
single accessions of the other species.  The p-distance between Saissetia oleae and Saissetia 
miranda was the lowest and was highest was between Saissetia oleae and Saissetia coffeae. 
 
 
Table 3.5.  Within group and between group p-distances derived from the EF1 
sequences.  The distances show the number of base differences per site from averaging over 
all sequence pairs.  
 
 
Within groups Between groups 
S. oleae S. miranda S. somereni S. coffeae  
S. oleae 0.000     
S. miranda n/d 0.013    
S. somereni n/d 0.031 0.018   
S. coffeae n/d 0.041 0.033 0.028  
 
 
 
 
 
92 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.  Phylogenetic analysis of EF1 region derived using maximum likelihood based 
on Kimura 2-parameter model of evolution (Kimura 1980).  The tree with the highest log 
likelihood (-668.3044) is shown.  The percentage of trees from 1000 bootstrap replicates in 
which the associated taxa clustered together is shown next to the branches. 
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3.3.1.3. COI region 
BLAST searches using the COI sequences obtained in this study found that my 
Saissetia oleae sequences have 100% identity with accession KY085382 of Saissetia oleae 
from Chile, 99–100% identity with accessions, KY085285, KY085262, and KY927539, 
from Chile and the USA and 92–93% identity with accessions of Saissetia oleae from China 
(Menglun, Yunnan KP189780 KP189781 & KP189778) and 92–93% identity with 
accessions Saissetia miranda from Taiwan (JX853908) and China (KP189776 & 
KP189777). 
The phylogenetic relationship of my Saissetia oleae in Australia with Saissetia oleae 
and Saissetia miranda from GenBank based on the COI region is given in Fig. 3.5.  As with 
28S, in the bootstrap analysis, certain nodes had poor support and the consensus tree in which 
node with bootstrap values of less than 50% are collapsed is shown in Fig. 3.6.  The trees 
are also rooted with Ceroplates rusci.  In this latter tree, the following clades can be found 
containing: 
 
A accessions of Saissetia coffeae; 
B an accession of Saissetia somereni; 
C accessions of Saissetia oleae from China; 
D accessions of Saissetia miranda from China and Taiwan; and 
E accessions of Saissetia oleae from Australia, Chile and the USA that 
separates into two subclades. The separation is not related to the origin of the 
accessions. 
The average within and between group p-distances groups can be found in Table 3.6.  
The p-distances between the two subclades of Clade E are small.  The p-distances between 
the accessions of Saissetia oleae from China with the accessions of Saissetia oleae in Clade 
E are approximately four-fold higher than between the two subclades within Clade E and are 
similar to the p-distances between the Clade E accessions and accessions of Saissetia 
miranda.  The p-distances of Saissetia coffeae (Clade A) and accessions from Clade E are 
larger again and similar to the distances between the outgroup and accessions of Clade E. 
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Table 3.6. Within group and between group p-distances derived from the COI sequences.  The distances show the number of base differences 
per site from averaging over all sequence pairs.   
 
 
 
 Within groups Between groups   
  
S. oleae, 
Australia & 
Chile 
S. oleae, Chile 
& USA 
S. oleae, 
China S. miranda S. somereni S. coffeae C. rusci  
Clade E, S. oleae, Australia & Chile 0.000        
Clade E, S. oleae, Chile & USA 0.000 0.002       
Clade C, S. oleae – China 0.006 0.078 0.078      
Clade D, S. miranda 0.001 0.077 0.079 0.085     
Clade B, S. somereni n/d 0.115 0.015 0.016 0.120    
Clade A, S. coffeae 0.000 0.135 0.135 0.144 0.129 0.144   
C. rusci n/d 0.119 0.119 0.129 0.134 0.148 0.144  
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Figure 3.5.  Phylogenetic analysis of the COI gene derived by maximum likelihood based 
on the Tamura-Nei model of evolution (Tamura & Nei 1993).  The tree with the highest log 
likelihood (-1477.4505) is shown.  The percentage of trees from 1000 bootstrap replicates in 
which the associated taxa clustered together is shown next to the branches.  A discrete 
Gamma distribution was used to model evolutionary rate differences among sites (5 
categories (+G, parameter = 0.1345)).  
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Figure 3.6.  The bootstrap consensus tree inferred from 1000 replicates (Felsenstein 1985) 
of the COI sequence data.  The evolutionary history was inferred by using maximum 
likelihood based on the Tamura-Nei model (Tamura & Nei 1993) with a discrete Gamma 
distribution used to model evolutionary rate differences among sites (5 categories (+G, 
parameter = 0.1345)).  Branches corresponding to partitions reproduced in less than 50% 
bootstrap replicates are collapsed and the percentage of replicate trees in which the 
associated taxa clustered together in the bootstrap test are shown next to the branches.  
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3.3.1.4. 18S region 
BLAST searches using the 18S sequences obtained in this study showed that my 
sequences of Saissetia oleae from Australia shared 99% identity with an accession 
(KY927547) of Saissetia oleae from the USA and an accession (JX866682) of Saissetia 
miranda from Taiwan. 
The phylogenetic relationships of Saissetia oleae in Australia with Saissetia oleae, 
Saissetia miranda and Parasissetia nigra (Nietner) (data taken from GenBank) based on the 
18S region are given in Fig. 3.7.  The tree shows a basal clade consisting of the accession of 
Parasaissetia nigra.  Sister to this is a clade consisting of an accession of Saissetia coffeae 
and two unidentified species of Saissetia.  Sister to this are accessions of Saissetia miranda 
and Saissetia oleae from the USA.  These accessions were, in turn, sister to the Australian 
accessions of Saissetia oleae from Australia.  
The average within and between group p-distances for the different groups of 
accessions are shown in Table 3.7.  The p-distances among the accessions of Saissetia oleae 
from Australia and the USA were zero.  The p-distances between these accessions and those 
of the other species increased in the following order: Saissetia miranda < Saissetia coffeae 
< Saissetia somereni < Parasissetia nigra.  
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Table 3.7.  Estimates of evolutionary divergence over sequence pairs between groups derived from the 18S sequences.  The number of base 
substitutions per site (p-distances) from averaging over all sequence pairs between groups are shown.  
 
 
 
 
 
 
 
 
 
 
 Within groups Between groups  
  S. oleae, Australia 
S. oleae, 
USA S. miranda S. coffeae S. somereni P. nigra 
S. oleae, Australia 0.000       
S. oleae, USA n/d 0.000      
S. miranda n/d 0.005 0.005     
S. coffeae 0.003 0.008 0.008 0.017    
S. somereni  n/d 0.014 0.014 0.018 0.013   
P. nigra  0.018 0.018 0.016 0.017 0.023  
C. rusci n/d 0.027 0.027 0.027 0.031 0.036 0.027 
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Figure 3.7.  Phylogenetic analysis of the 18S rDNA region derived using maximum 
likelihood based on the Kimura 2-parameter model (Kimura 1980).  The tree with the highest 
log likelihood (-896.0919) is shown.  The percentage of trees in which the associated taxa 
clustered together is shown next to the branches.  A discrete Gamma distribution was used 
to model evolutionary rate differences among sites (5 categories (+G, parameter = 0.0500)).  
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3.3.2. Insect morphology 
Observation of 50 samples of black scale from four states of Australia, New South 
Wales, Victoria, Western Australia, and South Australia, showed that there are 15–30 
preopercular pores anterior to the anal plate on adult females (Table 3.8, Figs 3.8 & 3.9).  
The marginal setae of all accessions are slender, with blunt to round ends that were not frayed 
or flattened (Fig. 3.10).  On one half of the body there were 24–38 setae with 7–14 occurring 
between the anterior of the body and the anterior stigmatic cleft, 4–9 setae between the 
anterior and posterior clefts and 12–16 between the posterior cleft and the posterior of the 
body (Fig. 3.11).   
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Figure 3.8.  Ventral view of adult female Saissetia oleae showing locations of the anal plate 
(AP) and the anterior (A) and posterior (P) stigmatic clefts.  The preopercular pores are 
located anterior to the anal plate on the dorsal side of the organism.  The numbers of marginal 
setae were counted between: the anterior of the organism and the anterior stigmatic cleft 
(anterior setae), the two clefts (medial setae) and the posterior of the scale and the posterior 
stigmatic cleft. 
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Figure 3.9.  Dorsal views of adult female Saissetia oleae showing the preopercular pores 
(arrowed).  The specimens were collected from: (A) Strathalbyn, South Australia; (B) Lue, 
New South Wales and (C) Kulnura, New South Wales. 
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Figure 3.10.  Electron micrographs of adult Saissetia oleae setae: (A) a typical marginal seta 
and (B) a group of stigmatic setae composed of a single, large, median seta (me) and two 
lateral setae (ls) flanked by two marginal setae (ma).  
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Figure 3.11.  Stigmatic clefts and medial setae on adult female Saissetia oleae from (A) Lue, 
New South Wales, (B) Strathalbyn, South Australia and (C) Kulnura, New South Wales. 
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Table 3.8.  Distinguishing characters of Saissetia oleae, Saissetia miranda, Saissetia neglecta, and Saissetia privigna. 
 
Distinguishing 
characters 
This study S. oleae S. miranda (Mexican black 
scale) 
S. neglecta (Florida black 
scale) 
S. privigna 
Origin of samples  Cape Province, South Africa   Kenya, Tanzania (De Lotto 
1976). 
Distribution  Western coastal belt of the Americas 
(California to the north and Chile to 
the south), the Mediterranean region 
including western Europe, Australia 
(De Lotto 1976). 
Mexico, Caribbean Sea (De 
Lotto 1976). 
 
Mexico, Caribbean Sea 
USA (Florida) (De Lotto 
1976). 
Kenya, Tanzania, Eritrea, 
Egypt, Zambia, Rhodesia 
(De Lotto 1976). 
Appearance of 
marginal setae  
Slender, end 
blunt to rounded 
but not frayed or 
flattened 
Slender, robust, very lightly fringed 
(De Lotto 1976). 
Blunt or slightly frayed (Hamon & 
Williams 1984). 
Longer and more robust than 
S. oleae, deeply frayed at the 
apex (De Lotto 1976). 
Flattened and extremely 
frayed (Hamon & Williams 
1984). 
Slender, slightly flattened 
(De Lotto 1976). 
 
Number of marginal 
setae on half of body 
̅ݔ = 28 ± 3.3 24–
35 
> 22 (Morrilo 1977) 
26–29 (Argyriou 1963) 
twice as many as S. oleae 
(De Lotto 1969) 
  
Number of medial 
setae between 
posterior and anterior 
stigmatic clefts 
̅ݔ = 6 ± 1.4 
4–9 setae 
6.4 ± 1.5 or 9.3 ± 1.7 (De Lotto 1976) 
≥ 6 (Morillo 1977) 
3–12 (Mohammad 2013) 
17.3 ± 2.3 (Gill 1988) 8.6 ± 1.1 (De Lotto 1976) 
 
 
15–23 (Mohammad 2013) 
 
Number of anterior 
setae on whole of 
body 
̅ݔ = 18 ± 3.1 
14–28 
15–30 (Gill 1988) 
≥ 16 (recorded as ≥ 8 at anterior 
region (Morrilo 1977) 
40–60 (Hamon & William 
1984; Gill 1988) 
14–30 (Hamon & Williams 
1984) 
 
 
Number of posterior 
setae on half of body 
̅ݔ = 13 ± 1.6 
12–16 
12 or more (Morrilo 1977)    
Number of 
preopercular pores 
̅ݔ = 23 ± 4.3 
15–30 
18 (Mohammad 2013)   5–9 (Mohammad 2013) 
The tibio-tarsal 
articulatory sclerosis 
Absent? Present or absent, normally absent 
(Hamon & Williams 1984) 
Present Absent (Hamon & Williams 
1984) 
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3.4. Discussion 
Based on the molecular and morphological characterisation performed in this section 
of work, it appears that only one species of black scale, Saissetia oleae, is present on citrus 
and olive in temperate regions of Australia.  In the analyses of each of the four genes, no 
sequence variation was found; hence, all Australian accessions in my study grouped together 
and p-distances were zero.  In these analyses, the Australian accessions were most closely 
related to accessions of Saissetia oleae from Chile and the USA and, for 28S, COI, 18S and 
EF1 genes, accessions from these countries were within the clades containing the 
Australian accessions.  For COI and 28S, further accessions from these countries formed a 
close sister clade.   
In the molecular phylogeny of closely related individuals, it is important to have a 
lower sequence divergence within species compared to that between species (Meyer & 
Paulay 2005; Roe & Sperling 2007).  The data from this study clearly show the relationship 
between relatedness and sequence divergence, with p-distances being greater between 
species of Saissetia than within them and greater values again between different genera.  For 
28S and COI, the within group p-distances varied from 0.000 to 0.006, and this range is 
similar to the distances among my Australian, and the American and Chilean accessions of 
Saissetia oleae.  These values are similar to the intraspecific p-distances calculated for the 
COI and 28S genes from flies belonging to the Chrysomyinae (Jordaens et al. 2013).  Thus, 
it appears that the Australian, American and Chilean accessions are all members of one 
species. 
The analyses of these regions showed that, after the accessions of Saissetia oleae from 
the USA and Chile, the next most closely related taxon to the accessions of Saissetia oleae 
from Australia was Saissetia miranda.  However, the ability of the four genes to separate 
various groups of accessions varied, with 18S being the least discriminatory, 28S 
intermediate and COI the most discriminatory; few sequences of EF1 have been deposited 
in GenBank.  For 18S, and 28S the accessions of Saissetia miranda fell within the same 
clade as the accessions of Saissetia oleae from my study, the USA and Chile and, for EF1 
and COI, the accessions Saissetia miranda form clades that are sister to my Australian and 
American accessions of Saissetia oleae.  Accession of Saissetia coffeae were more distantly 
related and always formed a clade that is sister to the other species of Saissetia.  These 
differences are reflected in the magnitude of the p-distances for each of these genes between 
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these three taxa.  Thus, Saissetia oleae is most closely related to Saissetia miranda and more 
distantly related to Saissetia coffeae and yet more distantly related to Parasissetia nigra (Fig. 
3.12), a species found in western, eastern and northern Australia.  
The most surprising finding concerns the accessions of ‘Saissetia oleae’ from China.  
In the phylogeny analyses, these accessions always form a clade separate from the other 
accessions of Saissetia and, in the tree with the highest log likelihood derived from the COI 
data, this clade was more distantly related to the Australian and American accessions of 
Saissetia oleae than those of Saissetia miranda.  The separation, however, has poor bootstrap 
support.  In addition, the p-distances between these Chinese accessions of Saissetia oleae 
and the Australian and American accessions are of the same magnitude as those between the 
accessions of Saissetia miranda and my Australian and the American accessions of Saissetia 
oleae.  The use of molecular techniques has revealed a large number of cryptic species, 
particularly in morphologically conserved invertebrate taxa, such as Lepidoptera, 
Coleoptera, Diptera and Hymenoptera (Wang et al. 2016).  The Coccidae are also 
morphologically conserved, and the exact nature of these Chinese accessions needs to be 
examined further to determine if they represent a cryptic or sibling species.  If this is the 
case, this is not unexpected as cryptic species are relatively common.  In a metastudy, 
Pfenninger & Schwenk (2007) found 2,207 cryptic species reports from 771,931 studies.  
This data set was reanalysed by Trontelj & Fišer (2009) who suggested that cryptic diversity 
varies by up to two orders of magnitude between metazoan phyla; the Insecta were at the 
high end of the range. 
The use of molecular techniques to determine phylogenetic relationships is not without 
its problems (Sanderson & Shaffer, 2002), and it is preferable to examine such relationships 
using different approaches (Wiens & Penkrot, 2002; Apolonio Silva de Oliveira 2012).  This 
study has used a number of morphological characteristics to identify the species of black 
scale present in Australia.  The morphology of Saissetia oleae, Saissetia miranda, Saissetia 
neglecta and Saissetia privigna has been described Argyriou (1963) De Lotto (1976), Gill 
(1988), Hammond and Williams (1984), Mohammad (2013) and Morillo (1977).  Comparing 
the results of this study with those of these six studies suggests the following.  Firstly, the 
Australian species in my study cannot be Saissetia privigna, as the Australian accessions do 
not have flattened marginal setae, have fewer medial setae and a larger number of 
preopercular pores.  Secondly, these Australian species cannot be Saissetia neglecta, as the 
Australian accessions do not have flattened and frayed marginal setae.  Thirdly, my 
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Australian species cannot be Saissetia miranda, as the Australian accessions do not have 
frayed marginal setae and have fewer medial and anterior setae.  Lastly, the morphology of 
the marginal setae of my Australian accessions most closely accords with the description for 
Saissetia oleae given by De Lotto (1976) and Hammon and Williams (1984).  In addition, 
although there is variation in the numbers of anterior, medial and posterior setae amongst 
my Australian accession, the mean numbers and range of these setae closely match those 
given for Saissetia oleae and summarised in Table 3.8, as do the number of preopercular 
pores.  Thus, the morphological study confirms the results of the molecular work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12.  Parasaissetia nigra from the Australian Botanic Garden, Mount Annan, New 
South Wales, Australia (-34.070505, 150.766824) (imaged sourced from the Atlas of Living 
Australia, catalogue number 513669). 
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Chapter 4: The number of larval instars 
in the development of Saissetia oleae  
4.1. Introduction 
Three major types of insect development are recognised, ametaboly, hemimetaboly 
and homometaboly, with approximately one quarter of insect species undergoing 
hemimetabolous development (Mito et al. 2010.).  In this type of development, the insect 
passes from egg to adult via nymphal instars without a pupal stage, and the instars resemble 
the adult but lack wings and functional reproductive organs.  Saissetia oleae undergoes this 
type of development.  Among insect taxa, there can be much variation in the number of larval 
instars.  At the extremes, Trichogramma australicum (Girault) [Hymenoptera: 
Trichogrammatidae] has only a single larval instar (Jarjees & Merrit 2002) whereas 
Leptophlebia cupida (Say) [Ephemeroptera: Leptophlebiidae] has 34 (Clifford et al. 1979); 
however, most have between three to eight (Esperek et al. 2007).  There is debate over the 
number of larval instars of Saissetia oleae.  Quayle (1911), Flanders (1942a), Ebeling 
(1959), Bodenheimer (1951), and Avido & Harpaz (1969) recognised two instar stages, 
while three instar stages were recorded by Argyriou (1963), Blumberg et al. (1975), Morillo 
(1977), Bartlett (1978) and Podoler et al. (1979).  This section of work examines the number 
of larval instars found on trees in an olive grove and a citrus orchard in Australia.  
Phenological data of this sort and the interactions of different life stages with environmental 
factors is required for forecasting insect population growth for the implementation of 
successful control programs (Nylin 2001). 
 
4.2. Materials and methods 
The specimens of black scale were collected from lime trees at Kulnura and olives 
from Galston (Chapter 3).  The insects from Galston were reared in the laboratory on potted 
olive plants.  The specimens were stored in 70% ethanol and then dehydrated using an 
ethanol series (80%, 90% and 100% for 60 min each).  Subsequently, the specimens were 
dried in 50% hexamethyldisilazane (HMDS, Sigma) and ethanol 50% for 1 h and then in 
100% HMDS.  The specimens were then placed on stubs and observed using a Phemon XL 
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electron microscope. For light microscopy using a Nikon Eolipe E200, fresh samples were 
mounted on slides as described in Section 3.2.2.   
To determine the number of larva instars, their morphology was interpreted using the 
descriptions of Argyriou (1963) and Morillo (1977).  The lengths and widths of 25 
individuals per larval instar sampled from both olive and citrus was measured.  For each 
instar, the number of marginal, medial, posterior, and anal plate setae was counted on one 
half of the scale (Fig. 4.1), as were the number of antennal segments. 
 
 
 
Figure 4.1.  Regions of scale use to assess number of setae. A: Total on half of scale; B: 
anterior setae; C: medial setae; D: posterior setae.  Red arrows indicate the anterior and 
posterior stigmatic clefts.  Diagram of scale adapted from Gill 1988.   
 
 
4.3. Results 
Saissetia oleae on both olive and lime developed three larval instars; however, the 
scales were substantially larger on lime than on olive (Table 4.1).  With the exception of 
their numbers of marginal setae, the morphological characteristics of each of the three larval 
instars are similar on both these plant hosts (Table 4.1).  The body of the first instar is flat, 
oval, slightly convex dorsally and pink-orange in colour.  The body of the second instar is 
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pale brown with four purple spots on the dorsum, and the body of the third instar has a 
longitudinal ridge along the median line of the dorsum, eventually forming the shape of the 
letter H.  The third larva instar scales are also less oval and more convex than previous 
instars, and the dorsal ridges are clearly present.  Their body colour is light brown, becoming 
darker with age and the dorsal spots grow larger and darker.  The adult females (see Chapter 
3) have 15–30 preopercular pores anterior to the anal plate.  The marginal setae are slender, 
with blunt to round ends that are not frayed or flattened.  On one half of the body, there are 
24–38 setae, with 7–14 occurring between the anterior of the body and the anterior stigmatic 
cleft, 4–9 setae between the anterior and posterior clefts and 12–16 between the posterior 
cleft and the posterior of the body.   
The structure of the antennae of specimens from both hosts were identical consisting 
of 6, 6 and 7 segments for the 1st, 2nd and 3rd instars respectively (Table 4.1, Figs 4.2 and 4.2, 
Figs 4.4 and 4.5, Figs 4.6 and 4.7). The two anal plates at the dorsal area 1st instars on both 
hosts each bear two short apical setae and one long caudal seta that is half of body’s length 
(Figs 4.2, 4.3, 4.8C).  The anal plates on the two later instars both bear four setae (Figs 4.4, 
4.5, 4.6, 4.7). 
The major difference between the scales from the two hosts was in the number of 
marginal setae.  The least variable life stage was the 1st instar; there was no difference in the 
number of posterior and medial setae on insects from the two hosts, but the number of 
anterior setae was 16–17 on lime but only 16 on olive.  For the 2nd instar, variation was found 
in the number of anterior and posterior setae on insects from lime that was not seen on those 
from olive.  However, there was a greater range in the number of marginal on insects from 
olive than from lime.  The life stage with the greatest variation in number of setae was the 
3rd instar.  The range in the number of anterior, medial and posterior setae was larger in 
insect from olive than from lime. 
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Table 4.1.  Morphological differences between the three larval instars of Saissetia oleae on olive and lime. 
 
Character Host 1st instar 2nd instar 3rd instar 
Number of antennal segments Olive (Galston, NSW) 6 6 7 
 Lime (Kulnura, NSW) 6 6 7 
 Olive (Argyriou 1963)  6 6 7 
 Olive (Morillo 1977)  6 6 7 
Total number of marginal setae on body half  Olive (Galston, NSW) 16 17–22  (̅ݔ = 17.76 ± 1.16) 18–24  (̅ݔ = 21.08 ± 1.75) 
(A in Fig. 4.1) Lime (Kulnura, NSW) 16–17  (̅ݔ = 16.08 ± 0.28) 17–22  (̅ݔ = 17.76 ± 1.16) 18–22  (̅ݔ = 19.04 ± 0.98  
 Olive (Argyriou 1963)  16 17 21-22 
 Olive (Morillo 1977)  16 17 > 19 
Number of anterior setae on body half Olive (Galston, NSW) 6 6 6–9  (̅ݔ = 7.48 ± 0.96) 
(B in Fig. 4.1) Lime (Kulnura, NSW) 6–7  (̅ݔ = 6.08 ± 0.28) 6–7  (̅ݔ = 6.72 ± 0.46) 5–8  (̅ݔ = 6.48 ± 0.64) 
 Olive (Argyriou 1963) - -  - 
 Olive (Morillo 1977) 6 6 7 or more 
Number of posterior setae on body half Olive (Galston, NSW) 8 9 10–11  (̅ݔ = 10.12 ± 0.33) 
(D in Fig. 4.1) Lime (Kulnura, NSW) 8 6–10  (̅ݔ = 8.88 ± 0.67)  9–10  (̅ݔ = 9.88 ± 0.28)  
 Olive (Argyriou 1963) - - - 
 Olive (Morillo 1977) 8 9 10 
Number of medial setae  Olive (Galston, NSW) 2 2–5  (̅ݔ = 2.28 ± 0.68) 2–5  (̅ݔ = 3.48 ± 1.00) 
(C in Fig. 4.1) Lime (Kulnura, NSW) 2 2–3  (̅ݔ = 2.12 ± 0.33) 2–4  (̅ݔ = 2.86 ± 0.69) 
 Olive (Argyriou 1963) - - - 
 Olive (Morillo 1977) 
 
2 2 > 2 
Dorsal appearance Olive (Galston, NSW) light pink–orange in colour longitudinal ridge and four 
brown specks on back  
clear ridge with letter H on back 
 Lime (Kulnura, NSW) light pink–orange in colour longitudinal ridge and four 
brown specks on back  
clear ridge with letter H on back 
Number of setae on anal plate Olive (Galston, NSW) 3 4 4 
 Lime (Kulnura, NSW) 3 4 4 
Long apical setae Olive (Galston, NSW) present absent absent 
 Lime (Kulnura, NSW) present absent absent 
 Olive (Argyriou 1963) present absent absent 
 Olive (Morillo 1977) present absent absent 
Body size (mm) Olive (Galston, NSW) length 0.35–0.62, 
width 0.23–0.35 
length 0.53–0.9,  
width 0.33–0.53 
length 0.88–1.53, 
width 0.50–1.12 
 Lime (Kulnura, NSW) length 0.25–0.73 
width 0.12–0.40 
length 0.57–1.02, 
width 0.27–0.67 
length 0.82–0.97, 
width 0.42–0.62 
113 
 
 
Figure 4.2.  The first instar larva of Saissetia oleae, Kulnura, NSW (ventral and dorsal view: 
top; antenna showing six segments and anal plate: bottom). 
 
 
 
 
 
Figure 4.3.  The first instar larva of Saissetia oleae, Galston, NSW (ventral and dorsal view: 
top; antenna and anal plate: bottom). 
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Figure 4.4.  The second instar larva of Saissetia oleae, Kulnura, NSW (ventral view: left, 
antenna with seven segments: middle, anal plate with discal setae: right). 
 
 
Figure 4.5.  The second instar larva of Saissetia oleae, Galston, NSW (ventral view: left, 
antenna with seven segments: middle, anal plate: right). 
 
 
Figure 4.6.  The third instar larva of Saissetia oleae, Kulnura, NSW (ventral view: top left; 
antenna with seven segments: middle, anal plate: right). 
 
 
Figure 4.7.  The third instar larva of Saissetia oleae, Galston, NSW (ventral view: top left; 
antenna with seven segments: middle, anal plate: right). 
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Figure 4.8.  The first instar larva of Saissetia oleae reared on olive. (A: body) (B: antenna 
with six segments) (C: anal plate) (ventral view).  
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Figure 4.9.  The second instar larva of Saissetia oleae, reared on olive (A: body) (B: antenna 
with seven segments) (C: anal plate) (ventral view).   
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Figure 4.10.  The third instar larva of Saissetia oleae reared on olive Galston. (A: body) (B: 
antenna with seven segments) (ventral view). 
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Figure 4.11.  Ventral view of adult female black scale showing locations of the anal plate 
(AP) and the anterior (A) and posterior (P) stigmatic clefts.  The preopercular pores are 
located anterior to the anal plate on the dorsal side of the organism.  The numbers of marginal 
setae were counted between: the anterior of the organism and the anterior stigmatic cleft 
(anterior setae), the two clefts (medial setae) and the posterior of the scale and the posterior 
stigmatic cleft. 
 
Observation of 50 samples of black scale from four states of Australia, New South 
Wales, Victoria, Western Australia, and South Australia, showed that there are 15–30 
preopercular pores anterior to the anal plate on adult females (Table 3.8, Figs 3.8 & 3.9).  
The marginal setae of all accessions are slender, with a blunt to round ends that were not 
frayed or flattened (Fig. 3.10).  On one half of the body there were 24–38 setae with 7–14 
occurring between the anterior of the body and the anterior stigmatic cleft, 4–9 setae between 
the anterior and posterior clefts and 12–16 between the posterior cleft and the posterior of 
the body (Fig. 3.11).    
A
P
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4.4. Discussion 
The scales from both the olive grove and citrus orchard in Australia developed through 
three larval instars, as was reported in the studies of Argyriou (1963), Blumberg et al. (1975), 
Morillo (1977), Bartlett (1978) and Podoler et al. (1979).  In addition, the morphology of the 
insects was similar to the descriptions published by Argyriou (1963) and Morillo (1977).  
The numbers of antennal segments produced by all three instars in my study was identical 
with the number reported by Argyriou (1963) and Morillo (1977).  The total numbers of 
marginal setae I found on each instar of scales from the olives and limes were within the 
ranges of these two studies and the numbers of anterior, medial and posterior setae were 
similar to those reported by Morillo (1977).  A study of the closely related species, Saissetia 
coffeae, also found that females pass through three immature stages plus the adult (Brewer 
& Howell 1981). 
The following key, adapted from Morillo (1977), can be used to distinguish slide-
mounted specimens of the three instars and the adult (as described in Chapter 3): 
 
 
The differences in the number of larval instars reported in this study and those of 
Argyriou (1963), Blumberg et al. (1975), Morillo (1977), Bartlett (1978) and Podoler et al. 
(1979) with the development of two larval instars reported by Quayle (1911), Flanders 
(1942a), Ebeling (1959), Bodenheimer (1951), Avido and Harpaz (1969), Hely et al. (1982), 
Smith et al. (1997) and Fichtner and Johnson (2017) may be for three reasons.  Firstly, 
difference between these two groups of studies may be due to the presence of cryptic species.  
Cryptic species have been found in various hemipterans including members of the 
Aleyrodidae (Xu et al. 2010), the Aphididae (Rebijith et al. 2013) and the Diaspididae 
(Gwiazdowski et al. 2011).  Indeed, black scale, once considered a single species, consist of 
 Dorsal side of anal plates with 3 
terminal setae, the central one 
much longer than the other two, 
although sometimes missing 
 6 antennal segments, 8 posterior setae First instar 
 Dorsal side of anal plates with 4 
terminal setae 
 6 antennal segments, 9 posterior setae Second instar. 
  7 antennal segments, 10 posterior setae Third instar 
  8 antennal segments, 12 or more posterior setae Adult 
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a complex of closely related taxa.  Data appears to be missing on the numbers of instars in 
the latter two species.   
The second reason for differences in the numbers of larval instars may be due to 
intraspecific variation in the number of larval instars.  Esperk et al. (2007) list intraspecific 
variation in instar number in 145 insect species from 49 families and within the Hemiptera 
has been reported in the Aphididae (Diaz & Fereres 2005), the Cicadellidae (Severin & 
Klostermeyer 1950), the Delphacidae (Tsai & Wilson 1986) and the Miridae (Liquido & 
Nishida 1985; Geetha et al. 1992).  In their review, Esperk et al. (2007) give examples of a 
number of genetic causes as well as environmental factors, including temperature, 
photoperiod, food quality and quantity, rearing density, and humidity that may cause 
variation in instar number. 
The third reason may be related to the external dorsal appearance of live and dead 
scales, and the presence of exuviae (cast skins of moults) of first and second instars as 
reported by Quayle (1911), even after slide-mounted specimens of three instars and the adult 
were described by Argyriou (1963) and Morillo (1977).  This is discussed further in the 
General Discusion. 
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Chapter 5: The determination of 
Scutellista caerulea biotypes in 
Australia 
5.1. Introduction 
Insect species are polytypic (Mayr et al. 1953) consisting of populations that differ from each 
other in traits such as survival and development on a particular host, host preference for feeding 
and oviposition, diurnal or seasonal activity patterns and insecticide resistance (Eastop 1973; 
Russell 1978).  This variation is can be due to nongenetic polyphenisms or to various degrees 
of genetic dissimilarity (Diehl & Bush 1984) and is a result of the evolutionary transitional 
forms of insect populations undergoing speciation (Saxena & Barrion 1987). A proliferation of 
terms has been used to describe the populations showing such variation including subspecies, 
race, microspecies, ecotype, variant, clone, line, strain and biotype (Steiner 1994).  Among 
these terms, biotype is commonly used, and Eastop (1973) commented that 'biotype is a 
taxonomic concept mostly used by nontaxonomists!' More helpful definitions are given below: 
 
‘a population that has some genetic or phenotypic differences from another population, but 
which may fall anywhere in the taxonomic spectrum from polymorphisms within species up to 
the level of species’ (Drès & Mallet 2002); 
 
'an individual or population that is distinguished from the rest of its species by criteria other 
than morphology, for example, a difference in parasite ability' (Maxwell and Jennings 1980);  
and 
‘populations that are morphologically indistinguishable but that can interbreed and can only 
be recognised by their distinct host preferences for feeding or oviposition or by their survival 
and development on different host species’ (Diehl & Bush 1984). 
 
Intraspecific variability of the types described above has been documented for at least 
44 species of hymenopteran parasitoids from 11 families (Ruberson et al. 1989), although many 
more examples must have been found since this review.  Within the Pteromalidae, the family 
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to which Scutellista caerulea belongs, a number of examples of intraspecific variation have 
been recognised.  Variation in developmental responses such as cold tolerance, fecundity and 
longevity has been found in Spalangia drosophilae Ashmead (Legner 1967), in photoperiodic 
responses in Pteromalus puparum L. (Mustafayeva 1974) and in susceptibility to pesticides in 
Edovum puttleri Grissell (Ruberson et al. 1989). Within the Hymenoptera, variation in the host 
preference of parasitoids has also been found.  For example, the braconid, Microctonus 
aethiopoides Loan, has two biotypes one of which parasitises weevils of the genus Sitona and 
the other weevils of the genus Hypera (Vink et al. 2003).  Comperiella bifasciata Howard also 
has two biotypes that primarily parasitise red scale (Aonidiella aurantii (Maskell)) or yellow 
scale (Aonidiella citrina (Coquillet)).  The yellow scale biotype does not develop on red scale, 
as its eggs and larvae may become encapsulated (Brewer 1971); however, the red scale biotype, 
can parasitise up to 80% of adult females of Aonidiella aurantii (Smith et al. 1997). Also withi 
Biotypes may have relevance to crop protection programs (DeBach, 1974; van den 
Bosch et al., 1979), and an example is given by the biological control of the cactus, 
Cylindropuntia fulgida (Engelmann) F.M. Knuth var. fulgida (Engelmann) F.M. Knuth (Cff) 
(Caryophyllales: Cactaceae).  This was introduced into South Africa from Mexico in the 1940s.  
In South Africa, it was recognised as invasive in 1986, of minor economic significance in 1991 
and problematic in the 2000s (Mathenge et al. 2009).  A cochineal insect, Dactylopius 
tomentosus (Lamarck) (Hemiptera: Dactylopiidae), that successfully controlled Cylidropuntia 
imbricata Haw. (DC.) in Australia and South Africa was found to be ineffective against Cff in 
South Africa (Moran & Zimmermann, 1984) suggesting that host-adapted biotypes exist within 
this species.  Provenances of Dactylopius tomentosus from different host species were imported 
in to SA and reared on different host cacti; the insects on these different hosts were considered 
to have thrived, survived or died (Mathenge et al. 2009).  Sequencing of COI showed that 
provenances from different localities but from the same host plant species were genetically 
similar and that there was variable genetic relatedness between groups of provenances 
(Mathenge et al. 2015). This, together with data from reciprocal crosses (Mathenge et al. 2010) 
provided evidence for the existence of host-adapted biotypes and identified the Cholla biotype 
as being a potential biocontrol agent.  Cholla was subsequently recommended for control of 
Cff in South Africa, mass reared and released in demarcated test areas. 
In this section of work, I use the term biotype to describe populations of the study insect, 
Scutellista caerulea, that differ in their preference for the host on which they lay their eggs and 
on which their offspring develop.  As described in the Introduction and in the Discussion below, 
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a number of biotypes of Scutellista caerulea thought to be host-specific have been introduced 
into Australia. However, field observations suggest that there is a single biotype of Scutellista 
caerulea that parasitises/preys upon Saissetia oleae and Ceroplastes spp. on olive and citrus in 
New South Wales (GAC Beattie, pers. comm.).  Therefore, the aim of this section of work was 
to molecularly and morphologically compare specimens from Saissetia oleae and species of 
Ceroplastes in olive groves and citrus orchards to determine if host-specific biotypes of 
Scutellista caerulea exist in Australia. 
 
5.2. Materials and methods 
5.2.1. Source of specimens 
Specimens of Scutellista caerulea from Saissetia oleae, Ceroplastes sinensis, and Ceroplastes 
destructor were collected from citrus and olive regions in New South Wales, Victoria, Western 
Australia and South Australia and were preserved, initially in 70% ethanol, then 80%, 90% and 
100% ethanol for light and scanning electron microscopy to determine morphological 
differences.  Morphological comparisons were based on the different characteristics of 
antennae and wings of 20 samples of Scutellista caerulea from the three hosts.  These samples 
were also used to determine molecular differences between accessions sourced from different 
regions of Australia.  Adults, pupae, and larvae were used for molecular studies.  Details of 
each accession of Scutellista caerulea, their host scales and plants, and locations from which 
the accessions were collected are shown in Table 5.1. 
 
5.2.2. Microscopy  
Specimens of host scales (Saissetia oleae, Ceroplastes sinensis, and Ceroplastes destructor) 
were kept individually in separate Petri dishes until the adults of S. caerulea emerged.  The 
antennae and wings of the parasitoids were dissected from the insects, and mounted in Entellan 
New Mounting Medium (ProSciTech, Thuringowa, Australia) on slides without any further 
preparation.  Images of the wings and antennae were taken using an Olympus BX60 compound 
microscope (Olympus Corporation, Tokyo, Japan).  The bodies of the parasitoids were kept 
separately in a 1.5 ml PCR tubes containing 100% ethanol for molecular identification.  The 
following parts of the antennae were measured, flagellum, pedicel, scape and terminal section 
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of the flagellum (terminal), and the terminal to flagellum ratio determined (Fig. 5.1).  The data 
were analysed by ANOVA using Minitab (Version 17.1.0, Minitab Inc.). 
 
 
 
 
 
 
Figure 5.1.  Regions of the antennae of Scutellista caerulea assess to determine differences 
between insect hosts.  
 
5.2.3. Molecular characterisation 
The methods used for DNA extraction, PCR components, gel electrophoresis, DNA 
sequencing, and phylogenetic analysis of Scutellista caerulea were similar to those detailed in 
Chapter 3.  However, the primers used for PCR were those listed in Table 5.2 and the methods 
had the following modifications: 
For COI, the conditions were: an initial denaturation at 94 °C for 2 min; 34 cycles of DNA 
denaturation at 94 °C for 30 s, primer annealing at 54 °C for 30 s and primer extension at 72 
°C for 1 min; a final extension at 72°C for 10 min (after Barr et al. 2009 but with a modified 
annealing temperature). 
For 28S: an initial denaturation at 93 °C for 2 min; 35 cycles of DNA denaturation at 95 °C for 
30 s, primer annealing at 45 °C for 30 s and primer extension at 72 °C for 60 s; and a final 
extension at 72 °C for 4 min (Manzari et al. 2002).  
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For 18S: an initial denaturation at 94 °C for 3 min; 30 cycles of DNA denaturation at 94 °C for 
45 s, primer annealing at 55ºC for 30 s and primer extension at 72°C for 1.5 min; and a final 
extension at 72 °C for 30 min (Babcock and Heraty 2000).  
For ITS2: an initial denaturation at 92 °C for 3 min; 39 cycles of DNA denaturation at 92°C 
for 45s, primer annealing at 57.7ºC for 45 s and primer extension at 72°C for 45s; and a final 
extension at 72 °C for 2 min (after Amornsar et al. 1998 but with a modified annealing 
temperature). 
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Table 5.1.  Host scales, plants, and locations in New South Wales, Victoria, Western Australia, and South Australia from which Scutellista caerulea were 
collected. 
 
Specimen 
number 
Specimen code Scale hosts Host plants Locations Latitude and 
longitude  
COI ITS2 18S 28S 
1.  S. caerulea BOGNSW1  S. oleae Olive Galston, NSW 33.11°S, 151.1°E MH168914  MH168948 MH168970 
2.  S. caerulea BOGNSW2  S. oleae Olive Galston, NSW 33.11°S, 151.1°E   MH168949 MH168971 
3.  S. caerulea BOGNSW3  S. oleae Olive Galston, NSW 33.11°S, 151.1°E MH168915  MH168950 MH168972 
4.  S. caerulea BOGNSW4  S. oleae Olive Galston, NSW 33.11°S, 151.1°E MH168917  MH195283 MH168951 MH168973 
5.  S. caerulea BOGNSW5 S. oleae Olive Galston, NSW 33.11°S, 151.1°E MH168916 MH195284   
6.  S. caerulea BOGNSW6 S. oleae Olivey Galston, NSW 33.11°S, 151.1°E  MH195285 MH168947  
7.  S. caerulea BOGNSW7 S. oleae Olive Galston, NSW 33.11°S, 151.1°E  MH195286  MH168974 
8.  S. caerulea BOENSW1  S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E MH168929 MH195278 MH168955 MH168978 
9.  S. caerulea BOENSW2 S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E  MH195279 MH168956 MH168979 
10.  S. caerulea BOENSW3 S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E  MH195280  MH168980 
11.  S. caerulea BOENSW4 S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E MH168927 MH195281 MH168957 MH168981 
12.  S. caerulea BOENSW5 S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E MH168926 MH195282 MH168958 MH168982 
13.  S. caerulea BOENSW6 S. oleae Olive, Manzanillo Ebenezer, NSW 33.49°S, 150.81°E MH168928  MH168959  
14.  S. caerulea BLKNSW1  S. oleae Tahitian lime Kulnura, NSW 33.38°S, 151.37°E     
15.  S. caerulea BLKNSW2  S. oleae Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168918 MH195287 MH168944 MH168967 
16.  S. caerulea BLKNSW3  S. oleae Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168919 MH195288 MH168945 MH168968 
17.  S. caerulea BLKNSW4  S. oleae Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168920  MH168946  
18.  S. caerulea BLKNSW5  S. oleae Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168921  MH168943  
19.  S. caerulea BLKNSW6 S. oleae Tahitian lime Kulnura.NSW 33.38°S, 151.37°E     
20.  S. caerulea BLKNSW7 S. oleae Tahitian lime Kulnura.NSW 33.38°S, 151.37°E  MH195289   
21.  S. caerulea BLKNSW8 S. oleae Tahitian lime Kulnura.NSW 33.38°S, 151.37°E  MH195290  MH168969 
22.  S. caerulea BOPNSW1 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E MH168923 MH195276 MH168954 MH168977 
23.  S. caerulea BOPNSW2 S. oleae Olive Polkobin, NSW 32.13°S, 151.53°E     
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24.  S. caerulea BOPNSW3 S. oleae Olive Polkobin, NSW 32.13°S, 151.53°E     
25.  S. caerulea BOPNSW4 S. oleae Olive Polkobin, NSW 32.13°S, 151.53°E     
26.  S. caerulea BOPNSW5 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E     
27.  S. caerulea BOPNSW6 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E     
28.  S. caerulea BOPNSW7 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E MH168922 MH195275 MH168952 MH168975 
29.  S. caerulea BOPNSW8 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E MH168924 MH195274 MH168953 MH168976 
30.  S. caerulea BOPNSW9 S. oleae Olive Polkobin, NSW 32.12°S, 151.09°E  MH195277   
31.  S. caerulea HLKNSW1 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168939  MH168963 MH168987 
32.  S. caerulea HLKNSW2 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168934  MH168964  
33.  S. caerulea HLKNSW3 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168935 MH195297 MH168965 MH168988 
34.  S. caerulea HLKNSW4 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168936 MH195296 MH168966 MH168989 
35.  S. caerulea HLKNSW5 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168937 MH195295  MH168990 
36.  S. caerulea HLKNSW6 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168938 MH195294  MH168991 
37.  S. caerulea HLKNSW7 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E    MH168992 
38.  S. caerulea HLKNSW8 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E     
39.  S. caerulea HLKNSW9 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E MH168940    
40.  S. caerulea HLKNSW10 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E     
41.  S. caerulea HLKNSW11 C. sinensis Tahitian lime Kulnura, NSW 33.38°S, 151.37°E     
42.  S. caerulea HOKNSW1 C. sinensis Valencia orange Kulnura, NSW 33.37°S, 151.33°E MH168933  MH168962 MH168983 
43.  S. caerulea HOKNSW2 C. sinensis Valencia orange Kulnura, NSW 33.37°S, 151.33°E MH168932 MH195291  MH168984 
44.  S. caerulea HOKNSW3 C. sinensis Valencia orange Kulnura, NSW 33.37°S, 151.33°E MH168930 MH195292 MH168960  
45.  S. caerulea HOKNSW4 C. sinensis Valencia orange Kulnura, NSW 33.37°S, 151.33°E MH168931  MH168961 MH168985 
46.  S. caerulea HOKNSW5 C. sinensis Valencia orange Kulnura, NSW 33.37°S, 151.33°E MH168925 MH195293  MH168986 
47.  S. caerulea WLKNSW1 (or WLNSW1) C. destructor Tahitian lime Kulnura, NSW 33.38°S,151.37°E MH168941 MH195298 MH168942 MH168993 
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Table 5.2.  The primers used to amplify different genetic regions of Scutellista caerulea. 
 
Primer Sequence (5’ 3’) References 
COIf (CIJ) 
COIr (CIN) 
ATT GGA CAT CAA TGA TAT TGA 
CCA CAA ATT TCT GAA CAT TGA CCA Barr et al. 2009 
ITS2f (ITSN2) 
ITS2r (ITSB)  
TTC TCG CAT CGA TGA AGA ACG 
TCC TCC GCT TAT TGA TAT GC Amornsak et al. (1998) 
28Sf (D2) 
28Sr (D2) 
GCG AAC AAG TAC CGT GAG GG 
TAG TTC ACC ATC TTT CGG GTC 
Manzari et al. 2002. 
 
18Sf helices17–35F) 
18Sr helices17–35R) 
AAA TTA CCC ACT CCC GGC A 
TGG TGA GGT TTC CCG TGT T Heraty et al. 2004 
 
Table 5.3.  List of GenBank accessions of species used for molecular phylogeny. 
 
Region Accession number Reference 
COI DQ177919 Fu at al. (2016) unpublished  
18S JN623418 Munro et al (2011) JN623414 Munro et al (2011) 
28S AY599294 Gillespie et al. (2005) JN623752 Munro et al (2011) 
ITS2 AY359470  
 
5.3 Results 
5.3.1. Morphology 
The morphology of the wings of Scutellista caerulea from three insect hosts, S. oleae, C. 
destructor and C. sinensis, were examined using microscopy, and images of entire forewings 
and the apical edges of the forewings are presented in Figs 5.2 and 5.3, respectively.  There 
were no obvious differences in the shapes of the wings, in their colour or in their setation among 
the different accessions examined.  The antennae of insects from these three hosts were also 
examined (Fig. 5.4, Table 5.4).  Again, there were no differences among insects from these 
different hosts in either in the sizes or colours of the antennal segments examined. 
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Figure 5.2.  Forewings of Scutellista caerulea from three insect hosts: (A) Saissetia oleae; (B) 
Ceroplastes destructor and (C) Ceroplastes sinensis. 
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Figure 5.3.  Detail of the apical edges of forewings of Scutellista caerulea from three insect 
hosts: (A) Saissetia oleae; (B) Ceroplastes destructor and (C) Ceroplastes sinensis. 
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Figure 5.4.  Antennae of Scutellista caerulea from three insect hosts: (A) Saissetia oleae; (B) 
Ceroplastes destructor and (C) Ceroplastes sinensis. 
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Table 5.4.  Morphological characteristics of the antennae of Scutellista caerulea from three 
scale hosts, Saissetia oleae, Ceroplastes destructor on lime, and Ceroplastes sinensis on orange 
at Kulnura. 
 
Number 
of 
samples 
Species Length of 
terminal 
segment 
(m) 
Length of 
flagellum 
(m) 
Terminal/ 
flagellum 
ratio 
 
Length of 
pedicel 
(m) 
Length of 
scape 
(m) 
  9 S. oleae 221.9 ± 66.3 500.7 ± 186.9 0.46 103.2 ± 35.2 371 ± 124.0 
10 C. sinensis 233.7 ± 42.9 572.1 ± 100.8 0.41 112.2 ± 20.1 384 ± 60.3 
  1 C. destructor 201.5 531.2  0.38 105.1 551.5 
 F (2,19) P 
0.22 
0.80 
0.56 
0.58 
1.42 
0.27 
0.25 
0.78 
1.61 
0.23 
 
 
5.3.2. Phylogenetic analyses 
The phylogenetic trees with the highest log likelihoods based on the COI, 18S, ITS2 and 28S 
regions showing the relationship of accessions of Scutellista caerulea between two plant hosts 
(lime and olive trees) and three host scales, Saissetia oleae, Ceroplastes sinensis and 
Ceroplastes destructor, from NSW, Australia, are shown in Figs 5.5–8.  BLAST searches 
showed that all sequences belong to individuals of Scutellista caerulea.  However, no variation 
was found among any of the accessions for the four genetic regions assessed. 
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Figure 5.5.  Phylogenetic analysis of the COI region derived using maximum likelihood and 
the Tamura 3-parameter model of evolution (Tamura 1992).  The tree with the highest log 
likelihood (-806.9541) is shown.  The percentage of trees from 1000 bootstrap replicates in 
which the associated taxa clustered together is shown next to the branches.  The tree is rooted 
with Trichogramma brasiliensis DQ177919 (Hymenoptera: Trichogrammatidae). 
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Figure 5.6.  Phylogenetic analysis of the 18S region derived using maximum likelihood and 
the Jukes-Cantor model (Jukes & Cantor 1969). The tree with the highest log likelihood (-
1034.9343).  The percentage of trees from 1000 bootstrap replicates in which the associated 
taxa clustered together is shown next to the branches.  The tree is rooted using Cephaleta sp. 
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Figure 5.7.  Phylogenetic analysis of the ITS2 region derived using maximum likelihood and 
the Jukes-Cantor model (Jukes & Cantor 1969). A The tree with the highest log likelihood (-
1246.2204) is shown. The percentage of trees from 1000 bootstrap replicates in which the 
associated taxa clustered together is shown next to the branches.  The tree was rooted with 
Trichogramma minutum. 
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Figure 5.8.  Phylogenetic analysis of the 28S region derived using maximum likelihood and 
Tamura 3-parameter model (Tamura 1992).  A The tree with the highest log likelihood (-
1104.0401) is shown.  The percentage of trees from 1000 bootstrap replicates in which the 
associated taxa clustered together is shown next to the branches.  The tree was rooted with 
Neapterolelaps sp. 
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5.4.  Discussion 
A South African ‘biotype’ of Scutellista caerulea was successfully introduced from Cape Town 
via California to New South Wales in 1903 for control of Saissetia oleae (Sydney Mail and 
New South Wales Advertiser, 4 November 1903, Australian Town and Country Journal 13 
January 1904).  This introduction was not formally reported and has, therefore, been 
overlooked in contrast to the formally reported introduction of the same ‘biotype’ to Western 
Australia from the same original source in the same year (Jenkins 1946, Wilson 1960, 
Waterhouse & Sands 2001).  A ‘biotype’, thought to be associated with Ceroplastes destructor, 
was introduced to New South Wales from Kenya and Uganda (Gurney 1936, Compere 1937, 
Simmonds 1951), but apparently failed to establish (Gurney 1936, Wilson 1960, Hely 1968).  
The host was later described as Ceroplastes luteolus De Lotto (De Lotto 1955).  Subsequent 
introductions of what was regarded as Ceroplastes destructor-specific ‘biotype’ from South 
Africa in 1969–1970 were successful (Waterhouse & Sands 2001) but establishment was not 
confirmed until 1984 (Sands 1986).  
According to Sands et al. (1986), females of the South African biotype of Scutellista 
caerulea parasitising Ceroplastes destructor have paler antennal pedicels and darker forewings 
compared to females of the formally reported biotype introduced to Western Australia from 
South Africa via California for the control of Saissetia oleae.  Compere (1937) noted that the 
apical margins of forewings of specimens of Scutellista caerulea from wax scales in Kenya 
appeared narrowly bare after mounting in balsam in contrast to the ciliated apical margins of 
forewings of specimens from Saissetia oleae.  The bare appearance towards the apex of the 
wings of the forewings of the specimens from Kenya was the effect produced by cilia that 
became transparent in balsam.  Compere (1937) regarded these differences as trivial.  This 
study, however, found no morphological differences among the parasitoids examined. 
This study also found no molecular or morphological evidence of variation in accessions 
of this parasitoid from Saissetia oleae, Ceroplastes destructor, and Ceroplastes sinensis nor 
from accessions of Saissetia oleae from olives and citrus.  I assumed that the introductions 
from Kenya and Uganda failed.  It could be concluded that (a) only one of the ‘biotypes’ 
introduced for control of S. oleae survived, (b) one was either displaced by the other or failed 
to adapt to multiple hosts, (c) the biotypes interbred, or (d) only one biotype occurs in Africa 
and the introductions to Australia that were deemed unsuccessful may have been related to 
delayed establishment of the parasitoid and host phenologies.  
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Chapter 6: Determination of 
ectoparasitic feeding by first instar 
larvae of Scutellista caerulea on non-
gravid females of Saissetia oleae and 
Ceroplastes sinensis 
6.1. Introduction 
Insect parasitoids, their phytophagous hosts and the plants on which these hosts feed are 
thought to account for over half of all known species (Price 1980, Strong et al. 1984, Hawkins 
1994).  Within this diversity, parasitoids have been placed in a number of categories based on 
features associated with their feeding behaviour.  First is the separation of parasitoids from 
parasites and predators.  Predators typically eat and, therefore, kill multiple prey and are often 
bigger than their prey (Lafferty & Kuris 2002).  In contrast, parasites affect a single host that 
they usually do not kill and are typically are smaller than their hosts (Lafferty & Kuris 2002).  
Parasitoids, like parasites, affect one host during immature development but kill it before it 
reproduces (Ricklefs 1979, Borrer et al. 1981, Godfray 1994).  They are free-living as adults, 
and some also derive nutrition as adults through host-feeding (Heimpel & Collier 1996).  
Parasitoids may also be classified by the life stage of the host that is attacked giving egg, larval 
or pupal parasitoids.   
For some parasitoids, ectoparasitoids, their eggs are laid on the outside of the host on which 
they feed externally.  In contrast, the eggs of endoparasitic parasitoids are laid internally in the 
host in which the larvae feeds.  Allied with this latter categorisation is the distinction between 
idiobionts and koinobionts proposed by Haeselbarth (1978) and Askew and Shaw (1986) and 
defined by Gordh and Headrick (2001).  Idiobionts are usually ectoparasitic and, after initial 
parasitisation, they prevent further development of their host often with the use of a venom 
injected by the ovipositing female (Vinson & Iwantsch 1980); thus, they have a fixed food 
resource limited by the development of the host at oviposition.  In contrast, with koinibionts, 
the host is only partially paralysed by the parasitoid’s venom, it continues to feed and grow 
during some stages of parasitism and is only killed when the parasitoid reaches maturity 
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(Askew & Shaw 1986, Mackauer & Sequeira 1993).  Koinobionts may be either 
endoparasitoids or ectoparasitoids. 
Where does Scutellista caerulea fit within these definitions?  Firstly, Sands et al. (1986) 
reported that larvae Scutellista caerulea only feed and pupate if eggs of the host are present; 
thus, the insect is an egg predator.  Quayle (1911), Cilliers (1967) and Smith and Compere 
(1928) also observed the larvae feeding on immature (pre-gravid) hosts; however, this is 
disputed by Sands et al. (1986).  Assuming that the insect does feed on immature hosts, it would 
therefore be an ectoparasitic koinobiont.  The aim of this section of study was to attempt to 
confirm whether Scutellista caerulea does indeed feed on tissues of immature hosts. 
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6.2. Material and methodology 
6.2.1. Insect material and morphological characterisation 
Specimens of pre-gravid Ceroplastes sinensis were collected from limes at Kulnura, 
NSW in June, August, November and December 2016.  106 fresh specimens of the first larval 
instar of Scutellista caerulea were sourced from underneath these scales and used to for either 
molecular or microscopic examination to determine if they had fed.  40 specimens of Saissetia 
oleae were collected in June, July and November 2016 also from lime trees in this orchard from 
which the first larval instars of Scutellista caerulea were also sourced.  Morphological 
identification of parasitoid larvae was made using a stereomicroscope (Wild Heerbrugg M7S) 
and was based on descriptions by Smith and Compere (1928) and Ebeling (1951).  Those larvae 
that were identified as Scutellista caerulea were used for confocal microscopy and molecular 
studies.  Aonidiella aurantii (red scale) was collected from the citrus orchards on the 
Hawkesbury Campus. 
Body tissues and haemolymph of Ceroplastes sinensis, Saissetia oleae and Aonidiella 
aurantii were obtained by piercing the ventral surface of the insect with a disposable 
micropipette tip and sucking out the contents.  These were placed on a microscope side, covered 
with a coverslip and their images and spectra obtained using confocal microscopy. 
 
6.2.2. Confocal microscopy 
Confocal microscopy was performed using either: (i) a Leica TCS SP5 confocal scanner 
linked to an inverted microscope (DMI 6000 CS, Leica Microsystems) equipped with an HCX 
PL APO CS 10.0 × 0.40 IMI UV objective; or (ii) a Leica SP5 confocal scanner linked to an 
upright microscope (DM600B, Leica Microsystems) fitted with an CX PL APO CS 10.0 × 0.04 
DRY UV objective.  Images were obtained using dual excitation from the 488 nm line of the 
Argon laser and the 543 nm line of the He-Ne laser; the bandwidths with which the images 
were captured appear in the figure legends.  The 3D and z-series video images were processed 
using Leica Application Suite Advanced Fluorescence software (Leica Microsystems CMS 
GmBH), and hyperlinks to these images can be found in the figure legends. 
For the spectra obtained from the gut contents of Scutellista caerulea, and the body 
tissues of Ceroplastes sinensis, Saissetia oleae and Aonidiella aurantii multiple spectra were 
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obtained from regions of interest from a number of different insects (N = 4–5) and the average 
emission at each wavelength presented.  Spectra were collected at 5 nm intervals. 
 
6.2.3. Molecular characterization 
6.2.3.1. DNA extraction, amplification and sequencing 
DNA extraction, PCR components, gel electrophoresis, DNA sequencing, and 
phylogenetic analysis of the first larva instar Scutellista caerulea (Table 6.4) were similar to 
those detailed in Chapter 3 except for using samples that were all fresh and washed in 1% 
instead of 2% bleach, as the parasitoids were destroyed at the higher concentration. 
 
6.2.3.2. Conventional PCR 
Initially, conventional PCR was performed to determine if the gut contents of the 
parasitoids contained host DNA.  For parasitoids from Ceroplastes sinensis, the primers, EF 
innerF and EF2 (Table 6.1), were used for the PCR; these primers amplify EF1 from 
Ceroplastes sinensis but not from Scutellista caerulea.  The reaction conditions for the PCR 
were: an initial denaturation at 95 °C for 5 min; 16 cycles of DNA denaturation at 95 °C for 60 
s, primer annealing at 58 °C for 1 min and decreasing 1 °C every cycle until 42 °C, primer 
extension at 72 °C for 2 min; 30 cycles of DNA denaturation at 95 °C for 30 s, primer annealing 
at 42 °C for 1 min and primer extension at 72 °C for 2 min; a final extension at 72 °C for 5 
min.  For parasitoids from Saissetia oleae, primers that amplify the 28S region (Table 6.2) of 
Saissetia oleae but not that from Scutellista caerulea were used.  The reaction conditions for 
the PCR were: an initial denaturation at 93 °C for 3 min; 30 cycles of DNA denaturation at 98 
°C for 15 s, primer annealing at 48 °C for 30 s and decreasing 1 °C every cycle, and primer 
extension at 72 °C for 40 s; a final extension at 72 °C for 3 min (Belshaw et al. 1998). 
 
6.2.3.3. Nested PCR 
Nested PCR was also performed to determine if the gut contents of the parasitoids 
contained host DNA.  For parasitoids from Ceroplastes sinensis, the first, outer reaction was 
performed using primers EF innerF and EF2 (Table 6.1).  The reaction conditions for the outer 
reaction were similar with conventional PCR for parasitoids Scutellista caerulea from 
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Ceroplastes sinensis.  Using Primer-BLAST (Ye et al. 2012), two primer pairs were then 
designed to amplify internal regions of EF, (EF inner2f and EF inner2r; EF inner7f and EF 
inner7r) (Table 6.1).  These primer pairs and the combination, EF inner2r and EF inner7f, were 
used for the second, nested reactions as follows: an initial denaturation at 95 °C for 5 min; 35 
cycles of DNA denaturation at 95 °C for 1 min, primer annealing at 60 °C for 1 min, and primer 
extension at 72 °C for 2 min; a final extension at 72 °C for 5 min.  
For parasitoids from Saissetia oleae, the first, outer reaction was performed using primers 
28Sf and 28Sr (Table 6.2).  The reaction conditions for the outer reaction were similar with 
those of 28S in conventional PCR for parasitoids from Saissetia oleae.  Using Primer-BLAST 
(Ye et al. 2012), three primer pair pairs were then designed to amplify internal regions of 28S 
(28S inner1f and 28S inner1r; 28S inner2f and 28S inner2r; and 28S inner10f and 28S 
inner10r).  The reaction conditions for those primers were an initial denaturation at 93 °C for 
2 min; 35 cycles of DNA denaturation at 95 °C for 30 s, primer annealing at 53.2 °C for 30 s 
(for 28S inner1f and 28S inner1r); 65.2 °C for 30 s (for 28S inner2f and 28S inner2r); 53 °C 
for 30 s (for 28S inner10f and 28S inner10r), and primer extension at 72 °C for 60 s; and a final 
extension at 72 °C for 4 min.  The sequence data was compared between Scutellista caerulea 
and its host (Table 6.4). 
In order to confirm that fresh samples were first instar larvae of Scutellista caerulea, 
primers specific to the ITS2 region of Scutellista caerulea (Table 6.3) and not amplifying DNA 
from Ceroplastes sinensis and Saissetia oleae were used for conventional PCR.  The reaction 
conditions for these primers were an initial denaturation at 95 °C for 5 min; 32 cycles of DNA 
denaturation at 95 °C for 60 s, primer annealing at 55 °C for 60 s, and primer extension at 72 
°C for 60 s; and a final extension at 72 °C for 5 min.  The sequence data were compared using 
MEGA 7 between the first instar larvae and adults of Scutellista caerulea (Table 6.4). 
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Table 6.1.  Primers used to amplify regions of EF1 of hard wax scale Ceroplastes sinensis 
from the gut contents of Scutellista caerulea. 
 
Primer Sequence (5’–3’) Reference 
EF innerF ATGCCGTGGTTCAAGGGATGG Scott Schneider (pers. comm.) 
EF2 ATGTGAGCGGTGTGGCAATCCAA Morse & Normark (2006) 
EF inner2f GTTGTCTCCGGGTACAGCTT this study 
EF inner2r ACTGTCGACGGTTTCGTGTT this study 
EF inner7f CATCGAGCCGGATTAGTCACA this study 
EF inner7r GTCGCTGGTGACTCCAAGAA this study 
 
 
Table 6.2.  Primers used to amplify 28S regions for black scale Saissetia oleae in this study. 
 
Primer Sequence (5’–3’) Reference 
28Sf AGAGAGAGTTCAAGAGTACGTG Belshaw et al. (1998) 
28Sr TTGGTCCGTGTTTCAAGACGGG Belshaw et al. (1998) 
28S inner1f TTCGGGTTCGTTCGTCGATT this study 
28S inner1r GTGAACTCGGAACACCGTCT this study 
28S inner2f TATTTCCGCTGCCGACTCTC this study 
28S inner2r GCGAAACGTGAACTCGGAAC this study 
28S inner10f TGAGGAGCGCGTTTCAAGTT this study 
28S inner10r CGCACAACGTACGTAAACGG this study 
 
 
Table 6.3.  Primers used to amplify ITS regions for Scutellista caerulea in this study. 
 
Primer Sequence (5’–3’) Reference 
Aed5.8F GTGAACTGCAGGACACATGAAC De Barro et al. (2000) 
AedAB28 ATATGCTTAAATTTAGGGGGT 
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Table 6.4.  Host scale and their developmental stages from which Scutellista caerulea was 
sampled at Kulnura (33.2302ºS, 151.2122ºE, 332 m asl) in New South Wales. 
 
Sequence Specimen code Developmental stage Host scales Location 
  1 C. sinensis LNSW1L1 non-gravid female NA Kulnura, NSW 
  2 C. sinensis LNSW2L2 non-gravid female NA Kulnura, NSW 
  3 S. caerulea HLNSWL1 first instar larva  C. sinensis LNSW1L1 Kulnura, NSW 
  4 S. caerulea HLNSWL2 first instar larva  C. sinensis LNSW2L2 Kulnura, NSW 
  5 S. caerulea BLNSWL1 first instar larva  S. oleae Kulnura, NSW 
  6 S. caerulea BLKNSW5 adult S. oleae Kulnura, NSW 
  7 S. caerulea HLKNSW8 adult C. sinensis Kulnura, NSW 
 
6.3. Results 
 
6.3.1. Stereo microscopy 
Putative first instar larvae of Scutellista caerulea from Ceroplastes sinensis and Saissetia 
oleae were examined using stereo microscopy.  The morphology of the parasitoids from both 
hosts was identical and conformed with the description given by Smith and Compere (1928). 
 
6.3.2. Confocal microscopy 
Observations of samples of the first larval instar of Scutellista caerulea from under non-
gravid Ceroplastes sinensis and Saissetia oleae again showed that their morphology was 
identical with each other and with the description given by Smith and Compere (1928) (Figs 
6.1–3).  These images show intense fluorescence from their gut contents.  Fluorescence can 
also be seen from structures associated with the head, from the spiracles and parts of the cuticle.  
Figure 6.2 and the associated video clip shows a parasitoid with its head buried in its host 
(Ceroplastes sinensis); again, the insect shows intense fluorescence from the gut contents.  The 
video clip associated with Fig. 6.3 shows sequential ‘virtual sections’ of a parasitoid from 
Ceroplastes sinensis going from one external surface of the parasitoid through to the opposite 
surface including sections through the gut.  Fluorescence was observed throughout the gut 
cavity.   
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Figure 6.4 shows the fluorescence from the ventral surface of Ceroplastes sinensis.  The 
wax covering fluoresces strongly at both wavelengths used.  However, the ventral surface of 
the insect’s body fluoresced strongly only at 561 nm (Fig. 6.4B) and not at 458 nm (Fig. 6.4A).  
In Figs 6.4 A & C, fluorescence from the gut contents of two Scutellista caerulea can be easily 
seen against the background.  The fluorescence from the gut contents of Scutellista caerulea 
and the body tissues extracted from Ceroplastes sinensis are shown in Fig. 6.5.  The gut 
contents of Scutellista caerulea fluoresce more strongly at 561 nm than at 458 nm, whereas the 
body tissues of Ceroplastes sinensis fluoresce at both wavelengths.  The emission spectra from 
the host and parasitoid at the two excitation wavelengths are shown in Figs 6.5 E & F.  At an 
excitation of 458 nm, the emission spectra from the host and parasitoid are similar (their 
maxima 535 nm) (Fig. 6.5E).  However, at an excitation wavelength of 561 nm, the spectra for 
both insects differ a little with the former having a maximum at 625 nm and the latter a 
maximum 620 nm (Fig. 6.5F). 
The fluorescence of body tissues from Saissetia oleae are shown in Figs 6.6 A & B and 
the emission spectra in Figs 6.6 C&D.  The emission spectra show maximum at 540 nm when 
using an excitation wavelength of 458 nm and a maximum at 640 nm at an excitation of 561 
nm.   
The fluorescence of body tissues from Aonidiella aurantii are shown in Figs 6.7 A & B 
and the emission spectra in Figs 6.7 C&D.  The emission spectra show maximum at 535 nm at 
an excitation wavelength of 458 nm and maximum at 604 nm at an excitation of 561 nm.   
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Figure 6.1.  Fluorescence of Scutellista caerulea sourced from under non-gravid females 
Ceroplastes sinensis (A) and Saissetia oleae (B) using combined excitation wavelengths of 488 
nm and 543 nm and emissions captured from 495–536 nm and 574–708 nm. 
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Figure 6.2.  Fluorescence of hard wax scale Scutellista caerulea taken with excitation 
wavelengths (A) 488 nm, (B) 561 nm, and (C) the combination of the two wavelengths.  
Emissions from the two excitations were captured with bandwidths of 499–556 nm and 565–
714 nm.  Select this hyperlink to view a video of a 3D rotation of this image.  (Photograph and 
videos taken by Anya Saleh, Western Sydney University.) 
 
 
 
Figure 6.3.  Video of fluorescence of Scutellista caerulea taken from Ceroplastes sinensis.  
The images start from above the body of the scale and traverse to the underside of the scale in 
a series of 75 virtual slices with a step size of 1.13 µm.  The excitation was from a combination 
of laser light at 488 and 543 nm.  Emissions from the two excitations were captured with 
bandwidths of 495–536 nm and 574–708 nm.  Select this hyperlink to view the video. 
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Figure 6.4.  Fluorescence of hard wax scale Ceroplastes sinensis taken with excitation 
wavelengths (A) 488 nm, (B) 561 nm, and (C) the combination of the two wavelengths.  
Emissions from the two excitations were captured with bandwidths of 499–556 nm and 565–
714 nm.  The fluorescing gut contents of the larvae of Scutellista caerulea can be seen 
(arrowed).  Select this hyperlink to view a video of a 3D rotation of this image.  (Figure 6.4C 
taken by Anya Saleh, Western Sydney University.) 
 
 
 
 
  
(B) 
(C) 
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Figure 6.5.  (A & B) Confocal images of the gut contents of the first instar larvae of Scutellista 
caerulea and (C & D) body tissues and haemolymph of Ceroplastes sinensis taken with an 
excitation wavelength of 458 nm (A & C) or 561 nm (B & D).  Emissions from the two 
excitations were captured with bandwidths of 478–505 nm and 604–624 nm.  (E & F) Average 
(n=5) emission spectra of the gut contents of five first instar larvae of Scutellista caerulea 
(orange lines) and body tissues and haemolymph from five Ceroplastes sinensis (blue lines) 
taken with an excitation wavelength of 458 nm (E) and 561 nm (F). 
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Figure 6.6. (A & B) Confocal images of the body tissues and haemolymph of Saissetia oleae 
taken with an excitation wavelength of 458 nm (A) and 561 nm (B).  Emissions from the two 
excitations were captured with bandwidths of 464–724 nm and 574–725 nm.  Average (n=5) 
emission spectra of body tissues and haemolymph from five Saissetia oleae (blue lines) taken 
with an excitation wavelength of 458 nm (C) and 561 nm (D). 
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Figure 6.7.  (A & B) Confocal images of the body tissues and haemolymph of Aonidiella 
aurantii taken with an excitation wavelength of 458 nm (A) and 561 nm (B).  Emissions from 
the two excitations were captured with bandwidths of 464–724 nm and 574–725 nm. Average 
(n=5) emission spectra of body tissues and haemolymph from five Aonidiella aurantii (blue 
lines) taken with an excitation wavelength of 458 nm (C) and 561 nm (D). 
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6.3.2. Molecular characterisation 
6.3.2.1. Molecular identity of the first instar larvae of Scutellista caerulea 
The ITS2 sequences obtained from the larvae from Ceroplastes sinensis used to assess 
gut contents shared 100% identity with sequences of Scutellista caerulea adults obtained in 
Chapter 5.   
 
6.3.2.2. Detection of host-derived amplicons from first instar larvae of Scutellista 
caerulea  
Conventional PCR failed to generate amplicons from tissues from either host residing inside 
the parasitoids.  Nested PCR was successful, and the following results were obtained for 
Scutellista caerulea from Ceroplastes sinensis and Saissetia oleae. 
 
Scutellista caerulea from Ceroplastes sinensis 
Nested PCR using the three primer pairs all produced amplicons of the expected band sizes 
(Fig. 6.8) from 3 individuals: 191 bp, EF innerH2f & EF innerH2r; 207 bp, EF innerH7f & EF 
innerH7r; 450 bp, EF innerH7f & EF innerH2r.  The three amplicons were sequenced and had 
100% identity with sequences from non-gravid females of Ceroplastes sinensis. 
 
 
Figure 6.8.  Amplicons generated from nested PCR of Scutellista caerulea obtained from under 
non-gravid females of Ceroplastes sinensis.  A & B – the first instar larva of Scutellista 
caerulea washed in 1% bleach, C – the first larva instar of Scutellista caerulea without washing 
with 1% bleach, L – 100 bp size markers.  a – primer pair EF innerH2f & EF innerH2r, b – 
primer pair EF innerH7f & EF innerH7r, c – primer pair EF innerH7f & EF innerH2r. 
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Scutellista caerulea from Saissetia oleae  
From three primer pairs used to amplify internal sections of the 28S region, only primer 
pair, 28S 2f and 28S 2r, produced an amplicon (Fig. 6.9).  This was of the expected band size 
(457 bp) and was obtained from 1 individual; however, sequencing of the amplicon was 
unsuccessful. 
 
 
 
Figure 6.9.  Amplicons generated from nested PCR of Scutellista caerulea obtained from under 
non-gravid females of Scutellista caerulea. 1 – the first instar larva of Scutellista caerulea 
without washing, 2 – the first instar larva of Scutellista caerulea washed with 1% bleach, L – 
100 bp ladder. 
 
6.4. Discussion 
In this study, four parasitoids of black scale were found: Scutellista caerulea, Metaphycus 
varius, an unidentified member of the Eunotinae (possibly Moranila californica), an 
unidentified black female.  As different parasitoids were found, the identity of the insects 
studied in this section of work was carefully examined.  The insects used were clearly 
ectoparasitoids and, therefore, cannot be a species of Metaphycus or the unidentified black 
female, as these are endoparasitoids.  Moranila californica is readily recognised by its 
characteristic shape and possession of spines (Smith & Compere 1928) (Fig. 6.10 A); no spines 
were seen on the insects used in this part of the study.  The morphology of the insects under 
study conforms with the descriptions of Scutellista caerulea by Quayle (1911) and Smith and 
Compere (1928) (Fig. 6.10 B) in that the body of the first instar larva is composed of thirteen 
1000 bp 
500 bp
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segments plus the head, and they are broadest at the cephalic end and gradually taper towards 
the caudal end.  Molecular examination also confirmed that they were Scutellista caerulea.   
 
 
 
 
 
Figure 6.10.  First instar larva of (A) Moranila californica and (B) Scutellista caerulea: based 
on Figures 57 and 60, respectively in Smith and Compere (1928). 
 
As outlined in the introductions to this thesis and to this chapter, Quayle (1911), Cilliers 
(1967), and Smith and Compere (1928) observed the larvae of Scutellista caerulea feeding on 
immature hosts; however, this was disputed by Sands et al. (1986).  The results presented in 
this section supports the assertions of the first three studies.  Firstly, Fig. 6.2 clearly shows a 
larva with its head buried in the outer tissues of the host.  This behaviour could either be 
associated with attachment to the host or for feeding.  However, it is unlikely to be for the 
former reason, as its hosts are sessile; hence, there is no need for attachment.  In addition, Smith 
and Compere (1928) also report that first instar larvae of Scutellista caerulea pierce the soft 
ventral tissue of the scale before absorbing the body fluids.   
Secondly, confocal microscopy shows a strong fluorescence from the gut of Scutellista 
caerulea that appears to be associated with the gut contents and suggests that the gut is not 
empty.  A fluid has also been observed within the gut (GAC Beattie, pers. comm.: Fig. 2.7).  
At an excitation wavelength of 458 nm, this fluid has the same fluorescence as that of body 
tissues of Ceroplastes sinensis suggesting that this may be the same source.   
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Thirdly, the molecular work presented in this chapter has demonstrated the gut of 
Scutellista caerulea contains DNA from its hosts (Saissetia oleae and Ceroplastes sinensis).  It 
is unlikely that the band came from cells of the host on the surfaces of the parasitoids, as the 
parasitoids were washed in bleach before DNA extraction.  Also, bands obtained from insects 
that were not washed were of equal or less intensity than those from washed insects; bands of 
greater intensity would be expected from unwashed insects if DNA remained on their surface.  
PCR-based assays have been used in other studies to determine the gut contents of other 
predatory insects.  For example,  Hoogendoorn & Heimpel (2001) used this method to 
determine if the coccinellid beetle, Coleomegilla maculata De Geer, had fed on its prey species, 
the European corn borer, Ostrinia nubilalis (Hübner), and Penn et al. (2016) used it to examine 
ant food webs.  It has also been used for phloem feeding insects, with Cooper et al. (2016) 
using it to determine the plant hosts on which Bactericera cockerelli (Šulc) [Hemiptera: 
Triozidae], the vector of ‘Candidatus Liberibacter solanacearum’, the pathogen associated with 
zebra chip disease of potato (Solanum tuberosum L., [Solanales: Solanaceae]).   
DNA molecules break down relatively quickly after being ingested.  Von Burg et al. 
(2008) reported that for adults of the carabid beetle, Pterostichus melanarius (Ill.), 
amplification success of their prey (grain aphid, Sitobion avenae (F.)) had decreased below 
50% 24 h post feeding for the three larger fragments (231, 317, 383 bp) used in their study.  
DNA of Aphis glycines, Neohydatothrips variabilis and Harmonia axyridis could not be 
detected 48 h after being consumed by Orius insidious (Harwood et al. 2007).  Sheppard et al. 
(2005) found that the percentage of spiders (Tenuiphantes tenuis (Blackwall)) testing positive 
for their prey (Sitobion avenae) fell to zero within 140 h after feeding.  The ability to detect 
DNA in the gut contents of Scutellista caerulea suggest that it must feed regularly. 
These results confirm observations made by Quayle (1911), Smith and Compere (1928, 
and Cilliers (1967) who reported larvae of the parasitoid feeding on immature hosts. 
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Chapter 7: Impacts of foliar nitrogen 
on Saissetia oleae and Ceroplastes 
sinensis and their parasitoids 
7.1. Introduction 
White (1993) argues that the population sizes of organisms are rarely controlled by the 
interplay of social and competitive interactions with other organisms, but by limited resources, 
and that populations increase to the limit that the resources allow.  He further contends that 
natural selection is a negative rather than a positive process.  That is, organisms that are least 
able are selected against and most organisms that fail to survive do so because they fail to gain 
enough of a scarce resource, rather than being killed by predators or out-competed by members 
of their own species.  White points out that of the elements that are essential to life, the most 
limiting is nitrogen (N).  Most (99.95%) of the N on earth is in the form of inert N gas: little is 
combined with other atoms in chemical species suitable to support life, and the little is very 
dilute in the environment. 
Plants take up most of their N as nitrate or ammonium ions from the soil, and N supply is often 
limiting.  The N contents of different plant tissues are 0.03–7.0% of dry weight.  The N content 
of phloem (0.004–0.60% N w/v) and xylem (0.0002–0.10% N w/v) saps are low and show 
large seasonal and between-plant variation (Mattson 1980, and references within).  In contrast 
to plants that experience shortages of inorganic N, animals experience shortages of organic N 
(Mattson 1980).  Concentrations in plant tissues may be too low to support growth and 
fecundity, and in some cases maintain functions (White 1993).  In addition to limited quantities 
of N, phytophagous insects may experience problems due to the quality of nitrogenous 
compounds stemming from their inability to synthesise all nine essential amino acids (Douglas 
2006).  Thus, White (1993) argues that the reason why plants are successful and abundant is 
due largely to the dilute nature of N in plants, combined with plants in natural environments 
being scattered and containing phagodeterrents. 
Leaf N is generally accepted as an indicator of food quality for phytophagous insects (Scriber 
& Slansky 1981), and a number of studies have shown a relationship between N concentrations 
in plant tissues and the growth and development of scale insects.  McClure (1980), working 
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with hemlock scale (Fiorinia externa Ferris (Hemiptera: Coccomorpha: Diaspididae)), showed 
that reproduction on 14 different coniferous hosts was determined by the concentration of N in 
young foliage, and that nymphal survival and the number of eggs produced by subsequent 
stages, was increased on trees with additional nitrogenous fertiliser.  Newbery (1980) showed 
that the level of infestation of Euphorbia pyrifolia Lamark (Malpighiales: Euphorbiaceae) by 
Icerya seychellarum Westwood (Hemiptera: Coccoidea: Monophlebidae), a senescence feeder, 
depended on the total amount of N exported when the plant senesced.  Sadof and Raupp (1991) 
found that the fecundity Unaspis euonymi Comstock (Hemiptera: Coccomorpha: Diaspididae) 
on a variegated form of Euonymus japonica Thunberg var. aureus (Celastrales: Celastraceae) 
was higher than on green forms, and suggested that was linked to the movement of plant 
nutrients, such as N.  Thus, concentrations and total amounts of N, together with N movement, 
affect the growth and development of scales as well as other insects.  In my study, it is assumed 
that phloem N is related to leaf N. This is not an unreasonable assumption, as I have assessed 
insect growth over a period of months during which time phloem N contents would have been 
affected by the treatments given. 
Parasitoids too can be affected both directly and indirectly by the quantity and quality of N in 
their environment.  Despite the higher concentrations of N in insect tissues compared to that in 
plants, growth of parasitoids can be affected by the condition of the host.  Bloem and Duffey 
(1990) raised noctuid larvae on artificial diets containing different quantities and qualities of 
dietary protein.  Subsequently the endoparasitoid, Hyposoter exiguae (Viereck) (Hymenoptera: 
Ichneumonidae), was raised on these larvae, and parasitoid growth was related to the nutritional 
status of the host.  The size of a parasitoid’s insect host is likely to be related to the nutrient 
status of the host plant, and the size of the insect host affects the behaviour of the parasitoid.  
Aphytis chrysomphali Mercet and Aphytis melinus DeBach (Hymenoptera: Aphelinidae) are 
ectoparasitoids of red scale Aonidiella aurantii (Maskell) (Hemiptera: Coccomorpha: 
Diaspididae).  Pekas et al. (2010) showed that the percent parasitism was positively related to 
instar size, and that gregariousness and parasitoid size of both parasitoids were positively 
influenced by host size. In addition, Aphytis melinus laid more male eggs on small hosts than 
on large hosts, and more female eggs on large hosts than on small hosts (Pekas et al. 2010).  
Given the effects of N outlined above, this chapter has examined the impacts of foliar N on 
plant growth, the phenology of Saissetia oleae and Ceroplastes sinensis females and on 
parasitism by their endoparasitoids and the tritrophic interactions among these components of 
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the agroecosystem.  In view of the differences in the environmental conditions between 2016 
and 2017, data for these two years are presented separately. 
 
7.2. Materials and methods 
7.2.1. Relationships between scale size, fecundity and parasitism in 
2016 
Mature Ceroplastes sinensis adults were sampled from blocks of ~20-year-old Valencia orange 
(Citrus ×aurantium L.) trees and a block of ~4-year-old Tahitian lime (Citrus ×latifolia 
(Tanaka ex Yu. Tanaka) Tanaka; syn. Citrus ×aurantiifolia (Christm.) Swingle var. latifolia 
Yu. Tanaka) trees at Kulnura on three occasions from 12 January to 3 February 2016.  The 
trees were growing under standard farm management practices.  Mature Saissetia oleae females 
were sampled from the Tahitian lime trees at Kulnura on 17 February and from olive trees in 
olive groves in the places listed in Table 7.1.  The data relating to scale from the two sites at 
Pokolbin were combined for analysis.  These trees were in the same blocks used for studies on 
impacts of leaf N on Ceroplastes sinensis and Saissetia oleae that are reported in this Chapter, 
but not part of the N-impact experiment.  
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Figure. 7.1.  Crawlers produced by a Ceroplastes sinensis female and trapped in Tangle-Trap. 
 
Single adults on twig portions (~20 mm long) of scale-infested twigs collected on each 
sampling date were placed centrally in separate 135 mm diameter Petri dishes.  The perimeter 
internal surfaces of the lids and bases of the Petri dishes had previously been smeared with a 
10-mm-wide band of Tangle-Trap (Contech Enterprises, Inc, Victoria, British Columbia, 
Canada) to trap emerging crawlers (Fig. 7.1).  The dishes were observed after one day to 
determine if any crawlers had emerged.  If crawlers had emerged the adults and dishes were 
discarded.  The external length and width of females from which no crawlers had emerged on 
the first day were then measured under a stereomicroscope, and the dishes containing these 
females were then kept for two months.  Numbers of crawlers and unhatched eggs produced 
by each female, and the number of parasitoids that emerged from them, were recorded.  The 
parasitoids were stored in 70% ethanol and identified with the aid of a stereomicroscope. 
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Table 7.1.  Locations, sampling dates and numbers of Saissetia oleae and Ceroplastes sinensis 
sampled from a citrus orchard at Kulnura and olive groves at Ebenezer, Galston and Pokolbin 
in New South Wales. 
 
Scale species and location Date Number 
collected 
Host plant 
Ceroplastes sinensis 
Kulnura (33.2302°S, 151.2145°E, 336 m asl) 12 Jan 2016 100 Tahitian lime 
Kulnura 20 Jan 2016 81 Tahitian lime 
Kulnura   3 Feb 2016 73 Tahitian lime 
Kulnura (33.2279°S, 151.2090°E, 317 m asl) 12 Jan 2016 107 Valencia orange 
Kulnura 20 Jan 2016 99 Valencia orange 
Kulnura   3 Feb 2016 86 Valencia orange 
Saissetia oleae 
Ebenezer (33.4971°S, 150.8953°E, 13 m asl) 19 Feb 2016 68 Unknown olive variety 
Galston (33.6544°S, 151.0541°E, 209 m asl) 10 Mar 2016 87 Unknown olive variety 
Kulnura 17 Feb 2016 85 Tahitian lime 
Pokolbin (Bimbagen Winery: 32.7467°S, 
151.3150°E, 95 m asl; De Beyers Road: 
32.7843°S, 151.3263 °E, 87 m asl) 
22 Feb 2016 75 Unknown olive varieties 
Sunbury (37.5357°S, 144.6476°E, 396 m asl) 30 Nov 2016 20 Leccino olive 
Lue (32.6944°S, 149.9207°E, 663 m asl)   2 Sept 20 Corregiola olive 
Botobolar (32.5071°S, 149.7469°E, 578 m asl)   2 Sept 20 Pictual olive 
Glenoran (34.2324°S, 115.9746°E, 302 m asl) 14 Dec 60 Frantoio olive 
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7.2.2. Impacts of foliar nitrogen and carbon 
7.2.2.1. Experimental design 
The experiment was conducted using Valencia orange and Tahitian lime trees at Kulnura on 
the Central Coast of New South Wales between July 2015 and March 2017.  The Valencia 
orange trees were 3–4 m high and were within a block (33.2277°S, 151.2091°E, 317 m asl) 
comprising approximately 770 trees planted in an acidic, yellow earth kandosol on a 2 × 5 m 
grid within 15 south-north rows.  Trees within 4 rows were used and the rows were distributed 
within the block.  The lime trees were 0.7 to 1.5 m high and were within two adjacent blocks 
(33.2308°S, 151.2143°E, 337 m asl) comprising approximately 330 trees planted in aeric 
podosol soil on a 3 × 6 m grid within 7 south-north rows.  Trees within 4 adjacent rows were 
used.   
For each cultivar, there were five treatments: 
 Treatment 1: control, no fertiliser or sugar 
 Treatment 2: sugar, 3 monthly 
 Treatment 3: sugar, 6 monthly 
 Treatment 4: fertiliser, 3 monthly 
 Treatment 5: fertiliser, 6 monthly 
 
Each treatment comprised one replicate in each of four rows, with treatments and replicates 
arranged in a randomised block design.  Within each replicate there were six trees.  Sugar or 
fertiliser was broadcast in the drip zone of the four central trees in each replicate and 
assessments were based on these trees.  
The amounts of sugar and fertiliser applied were based on the approximate canopy size (cross-
sectional area at the widest part of the canopy) of the trees.  The sugar (refined, granulated) 
was the domestic white product from Sugar Australia Pty. Ltd. and was applied at 1 kg/m2 tree 
canopy, with 2 kg applied to each Valencia orange tree and 0.5 kg applied to each lime on each 
occasion (Table 7.2). 
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Table 7.2.  Application times of the sugar treatments applied to the orange and lime trees. 
 
 Species/Treatment 
 Orange Lime 
Application date Sugar 3 monthly Sugar 6 monthly Sugar 3 monthly Sugar 6 monthly 
4 August 2015   + + 
30 July 2015 + +   
2 November 2015 +  +  
17 February 2016 + + + + 
18 May 2016 +  +  
23 August 2016 + + + + 
3 November 2016 +  +  
 
 
Two fertilisers were used: Gold Plus (Campbells Fertilisers Australia; N 15%, P 0%, K 17%, 
S 8%, Mg 3%, Ca 2%) and Cal-Gran 50/50 (Incitec Pivot Fertilisers Australia; 17% N, 14% 
K, 8.7% S).  The fertilisers were applied on the occasions and rates listed in Table 7.3. 
 
Table 7.3.  Application times, products used, and application times of the fertiliser treatments 
applied to the orange and lime trees. 
 
  Species/ Treatment/ Rate 
  Orange Lime 
Application 
Date 
Product/rate 
(kg/tree) 
Sugar 3 
monthly 
Sugar 6 
monthly 
Sugar 3 
monthly 
Sugar 6 
monthly 
June 2015 Gold Star + (0.10) + (0.10) + (0.05) + (0.05) 
September 2015 Gold Star + (0.10)  + (0.05)  
December 2015 Gold Star + (0.10) + (0.10) + (0.05) + (0.05) 
March 2016 Cal-Gran + (0.10)  + (0.05)  
June 2016 Cal-Gran + (0.10) + (0.10) + (0.05) + (0.05) 
August 2016 Cal-Gran + (0.20)  + (0.10)  
December 2016 Cal-Gran + (0.20) + (0.20) + (0.10) + (0.10) 
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7.2.2.2. Foliar nitrogen, carbon, and chlorophyll 
Assessments of the impact of the treatments on leaf N and carbon content were based on orange 
leaves sampled on 30 July 2015, 2 November 2015, 23 March 2016, and 27 January 2017, and 
lime leaves sampled on 4 August 2015, 2 November 2015, 23 March 2016, and 19 January 
2017.  On each occasion in 2015 and 2016, four of the youngest mature leaves were collected 
from each replicate tree and the leaves from each replicate were combined to give one sample 
per treatment for each block and for each cultivar.  In 2017, 16 leaves per tree were collected 
from each tree and placed in labelled paper bags and dried at 70 °C for 1–2 days.  They were 
then ground using a Mixer Mill MM 400 (Retsch, Germany).  Carbon and N were assayed 
using a CHN elemental analyser after combustion (TruSpec micro, LECO Corp., USA and 
FLASH EA 1112 Series CHN analyser, Thermo-Finnigan, USA). 
On olive trees, the locations for assessment of the impact of leaf N and carbon content on scale 
size are given in 7.2.1.  Methods of sampling and analysis were as for orange and lime above, 
except that 8–10 olive branches were collected per location. 
Relative leaf chlorophyll content of four leaves on each lime tree were determined on 8 
December 2016 and on four leaves on each orange tree on 19 January 2017 using a SPAD 502 
Plus chlorophyll meter (Konica-Minolta, Japan). 
 
7.2.2.3. Soil nitrogen content 
Soil samples were collected from under the orange trees only at Kulnura on 22 February 2017 
from three treatments: sugar 3-monthly, control, and nitrogen-3-monthly.  There were four 
replicates for each treatment and four sampling points within a 4 m2 square around each orange 
tree.  100 g soil per point was collected in a paper bag, dried rapidly at 40 °C for 1–2 weeks 
and NH4–N and NO3 –N was analysed by the Sydney Environment and Soils Laboratory, 
Australia. 
 
7.2.2.4. Scale density, size, fecundity and parasitism 2017 
The proportion of twigs on each lime tree infested with adult Ceroplastes sinensis was 
estimated by counting the number of infested twigs within an 0.25 m2 square quadrat held 
vertically against the canopy on the western and eastern sides of each tree on 2 February 2017.  
The lower border of the quadrat was held approximately 0.75 m above ground level.  Numbers 
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of fruits within the quadrant were also counted.  Immediately after these assessments, five to 
10 autumn growth flush twigs with adult female Saissetia oleae were randomly cut using 
secateurs from lime trees in each treatment replicate on 19 January 2017.  Likewise, 5–10 
autumn growth flush twigs with adult female Ceroplastes sinensis were sampled from lime and 
Valencia orange trees 27 January 2017.  All twigs were taken to the laboratory and stored at 
5°C for up to seven days.  Fifteen individual adults of each scale species were then selected at 
random.  The length of each twig and the number of adult scales per twig were recorded before 
lengths of twig ~20 mm long with single adults were cut from longer lengths of twig and placed 
centrally in separate 135 mm diameter Petri dishes, as per Section 7.2.1.  The size of the scales 
and numbers of crawlers and unhatched eggs produced by each female were counted.  The 
number of parasitoids that emerged from each adult was recorded.  The parasitoids were stored 
in 70% ethanol and identified with the aid of a stereomicroscope.  Numbers of unparasitised 
females that died before producing crawlers were recorded.  Parasitoids were also collected 
from adults not used in the above aspects of the study, preserved in 100% ethanol and used for 
molecular analysis.  In 2017, numbers of unparasitised females that died before producing 
crawlers were also recorded. 
 
7.2.3. Data analyses 
For data related to scale size, fecundity, parasitism and N, ANOVA was performed using either 
Statistica, Minitab 17 or Excel 2016.  In order to relate scale length and width, scale size and 
fecundity, fecundity and parasitism, N and size, N and fecundity, and N and parasitism, I used 
regression in SigmaPlot 12.0 Version (Systat Software Inc, San Jose, California, United States 
of America). SigmaPlot 12.0. was also used to draw graphs. 
 
7.2.4. Morphological and molecular identification of Metaphycus 
varius 
7.2.4.1. Source of specimens 
Specimens of Metaphycus varius from Ceroplastes sinensis, collected from Valencia orange 
and Tahitian lime at Kulnura, New South Wales, were preserved, initially in 70% ethanol and 
then dehydrated in 80% and 90% (1 day at each concentration) and then placed into 100% 
ethanol for light and scanning electron microscopy to determine morphological characteristics.  
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The specimens were then placed on stubs and imaged using a Phemon XL electron microscope.  
These samples were also used to determine molecular characteristics.  Details of each accession 
of Metaphycus varius, their host plants, and accession number are shown in Table 7.4. 
 
7.2.4.2. Molecular characterization 
Adult females and males from the same sources as used for the morphological studies were 
also used for molecular analysis.  The methods used for DNA extraction, the PCR, gel 
electrophoresis, DNA sequencing, and phylogenetic analysis of Metaphycus varius were 
similar to those used for Scutellista cearulea as detailed in Section 3.2.3.  The COI, 28S and 
18S regions were amplified using the primers listed in Table 3.3.  The accessions taken from 
GenBank for the phylogenetic analyses are given in Table 7.5. 
 
 
 
Table 7.4.  Specimens of Metaphycus varius used for molecular analysis and the 
GenBank accession numbers of the three genetic regions analysed. 
 
Specimen code Host plant Accession number 
COI 18S 28S 
M. varius MVO1 Valencia orange MH195299 MH195302 MH195307 
M. varius MVO2 Valencia orange  MH195303 MH195308 
M. varius MVO3 Valencia orange  MH195304 MH195309 
M. varius MVO4 Valencia orange  MH195305  
M. varius MVL1 Tahitian lime  MH195300 MH195306 MH195310 
M. varius MVL2 Tahitian lime  MH195301   
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Table 7.5.  Accessions sourced from GenBank and used in the phylogenetic analyses of the 
COI, 18S, and 28S regions of Metaphycus varius. 
 
  Region Accession number Reference 
COI 
FM210164 Pasquer et al. (2009) 
DQ177914 Fu & Cong (2016, unpublished) 
DQ177919 Fu et al. (2016, unpublished) 
KR890545 Hebert et al. 2016 
18S 
JN623195 Munro et al. (2011) 
AY940319 Owen et al. (2007) AY940347 
28S 
JN624260 Munro et al. (2011) 
HM856882 
Rugman et al. (2011) 
 
HM856883 
HM856885 
HM856884 
HM856881 
HM856886 
AY599311 Gillespie et al (2016) 
 AY599310 
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7.3. Results 
7.3.1. Relationships between scale size, fecundity and parasitism in 
2016 
7.3.1.1. Ceroplastes sinensis 2016 
Positive correlations were derived between the length and width of unparasitised (R2 = 0.77, P 
< 0.001, F (1, 268), n = 868), parasitised (R2 = 0.60, P < 0.001, F (1, 23), n = 31), and both 
unparasitised and parasitised adults (R2 = 0.77, P < 0.001, F (1, 291), n = 956) (Fig. 7.2) sampled 
from orange trees at Kulnura.  Positive correlations were also derived for unparasitised (R2 = 
0.74, P < 0.001, F (1, 69), n = 186), parasitised (R2 = 0.76, P < 0.001, F (1, 185), n = 580), and both 
unparasitised and parasitised adults (R2 = 0.75, P < 0.001, F (1, 253), n = 769) (Fig. 7.3) sampled 
from the lime trees at Kulnura. 
Positive correlations were derived for the relationships between fecundity (crawlers and 
unhatched eggs) and the ventral area of mature, unparasitised, adult Ceroplastes sinensis 
sampled from orange (R2 = 0.54, P < 0.001, F (1, 268), n = 310) and lime (R2 = 0.38, P < 0.001, 
F (1, 68), n = 71) trees during January and February 2016 (Fig. 7.4).  Unparasitised scales on 
orange with a ventral area of 12–14 mm2 produced on average 1,633 crawlers and eggs per 
insect, and on lime 1,246 crawlers and eggs per insect. 
In 2016, Scutellista caerulea was the only parasitoid that emerged from Ceroplastes sinensis 
adults sampled from the orange trees, and only one Scutellista caerulea emerged from each 
parasitised host (Table 7.6).  The average scale size of adults sampled from these trees was 
4.10 mm in length and parasitism by Scutellista caerulea reduced scale fecundity by 79%, from 
an average of 1,270 eggs/crawlers per unparasitised female to 179 per parasitised female.  
Scutellista caerulea was also the only parasitoid that emerged from Ceroplastes sinensis adults 
sampled from the lime trees in 2016 (Table 7.7).  In contrast to single Scutellista caerulea 
adults emerging per host on the orange trees, up to six Scutellista caerulea adults emerged per 
host in relation to increasing host size (Table 7.7, Figs. 7.3, 7.5).  Average scale size was 4.7 
mm, and parasitism by a single adult Scutellista caerulea reduced scale fecundity by 76.6%, 
from an average of 1,414 eggs/crawlers per unparasitised female to 331 per parasitised female 
(Table 7.7).  The relationship between scale size and up to six Scutellista caerulea that emerged 
from the adults sampled from the lime trees is evident in Figs 7.3 and 7.5.  There was a trend 
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for the size of Scutellista caerulea to decrease as the number that developed per host increased, 
but the relationship was not significant due to low the number of scales sampled.  
 
 
Figure 7.2.  Relationship between length and width of mature Ceroplastes sinensis adults on 
Valencia orange trees at Kulnura, New South Wales, in January and February 2016: (A) 
unparasitised adults (n = 268); (B) parasitised adults (n = 23); and (C) all adults (n = 291). 
  
169 
 
 
 
Figure 7.3.  Relationships between length and width of mature Ceroplastes sinensis adults on 
Tahitian lime trees at Kulnura, New South Wales, in January and February 2016: (A) 
unparasitised adults; (B) parasitised adults; and (C) all adults. 
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Figure 7.4. Relationships between ventral area and fecundity of unparasitised, mature 
Ceroplastes sinensis adults on Valencia orange (top) and Tahitian lime trees at Kulnura, New 
South Wales, in January-February 2016. 
 
 
Table 7.6.  Relationships between adult Ceroplastes sinensis size, fecundity, and parasitism 
by Scutellista caerulea on Valencia orange trees at Kulnura in January–February 2016.  
Average percentage parasitism = 8%. 
 
 S. caerulea absent S. caerulea present 
Number of insects 268 23 
Mean ± s.e. scale length (mm) 4.10 ± 0.03 4.55 ± 0.09 
Mean ± s.e. scale width (mm) 3.29 ± 0.03 3.67 ± 0.08 
Mean ± s.e. scale ventral area (mm2) 10.74 ± 0.15 13.20 ± 0.50 
Mean ± s.e. fecundity 1,270 ± 37.94 179 ± 55.27 
Number of scales producing crawlers 268 18 
Number of adult S. caerulea /scale 0 1 
Mean ± s.e. adult S. caerulea length (mm)  1.79 ± 1.01 
Mean ± s.e. adult S. caerulea width (mm)  0.6 ± 0.03 
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Table 7.7.  Relationships between adult Ceroplastes sinensis size, fecundity, and parasitism by Scutellista caerulea on Tahitian lime at Kulnura 
in January-February 2016.  Average percentage parasitism = 73%. 
 
 
No. of 
S. caerulea/ 
scale 
Number 
of adult 
scales 
Length 
(mm) 
Width 
(mm) 
Area 
(mm2) 
Fecundity S. caerulea 
length (mm) 
S. caerulea 
width (mm) 
Mean ±s.e. Mean ± s.e. Mean ± s.e. Mean ± s.e. Mean ± s.e. Mean ± s.e. 
0 68 4.72 ± 0.06 3.86± 0.06 14.46 ± 0.38 1413.7 ± 89.1   
1 109 4.71 ± 0.05 3.82 ± 0.04 14.26 ± 0.30 330.8 ± 39.4 1.76 ± 0.15 0.98 ± 0.06 
2 51 4.98 ± 0.08 4.01 ± 0.07 15.84 ± 0.47 143.0 ± 43.0 1.72 ± 0.24 0.84 ± 0.02 
3 16 5.10 ± 0.10 4.13 ± 0.09 16.60 ± 0.64 28.40 ± 15.4 1.48 ± 0.04 0.84 ± 0.02 
4 4 5.21 ± 0.24 4.31± 0.23 17.76 ± 1.70 43.00 ± 41.7 1.46 ± 0.05 0.79 ± 0.03 
5 3 5.14 ± 0.14 4.31± 0.14 17.41 ± 1.05 5.33 ± 1.67 1.34 ± 0.05 0.72 ± 0.05 
6 2 5.42 ± 0.42 4.33± 0.17 18.49 ± 2.13 87.50 ± 87.5 1.18 ± 0.10 0.64 ± 0.05 
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Figure 7.5.  Box and whisker plot of the number of Scutellista caerulea parasitising 
Ceroplastes sinensis on Tahitian lime at Kulnura in January-February 2016 versus ventral area 
of the host.  The black lines are the medians, the red lines are the means, the boxes are the 25th 
and 75th percentiles, the whisker are the 10th and 90th percentiles and the circles are outlying 
values.  
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7.3.1.2. Saissetia oleae 2016 
Positive correlations occurred between the length and width of unparasitised adults at Kulnura 
on lime (Fig. 7.6A: R2 = 0.66, F (1,18) = 33.37), and Ebenezer (Fig. 7.6B: R2 = 0.46, F (1,31) = 
25.78), Pokolbin (Fig. 7.6C: R2 = 0.37, F (1,46) = 26.21) and Galston (Fig. 7.6D: R2 = 0.58, F 
(1,36) = 49.02) on olives for adults sampled between 17 February and 19 March.  Scutellista 
caerulea was again the only parasitoid recorded.  Data for scales parasitised by Scutellista 
caerulea are also shown in Fig. 7.6 for each location.  Up to two Scutellista caerulea emerged 
for adult Saissetia oleae on the lime trees at Kulnura (Table 7.8, Fig. 7.6A) but the numbers of 
adult Scutellista caerulea emerging per host did not exceed one for scales sampled from the 
olive trees at Ebenezer, Pokolbin, and Galston. The ventral areas of unparasitised Saissetia 
oleae adults from lime trees at Kulnura and olive trees at Ebenezer were greater (> 4 mm2) than 
those for adults sampled from olive trees at Pokolbin and Galston (< 3.6 mm2) (Tables 7.8–
11). 
A significant, positive correlation (F (1,59) = 673, R2 = 0.38, P < 0.001) was derived for fecundity 
(crawlers and unhatched eggs) and the ventral area of mature unparasitised adult Saissetia oleae 
sampled from olive at Ebenezer on 19 February 2016 (Fig. 7.7), but not for scales sampled 
from lime trees at Kulnura, and olive trees at Galston and Pokolbin. 
For all sites, average parasitism of Saissetia oleae adults parasitised by Scutellista caerulea 
was 63% (range 48–75%), and the average number of eggs and crawlers recorded from 
Saissetia oleae adults parasitised by a single Scutellista caerulea was 89% (range 81 to 98%) 
fewer than for unparasitised scale adults. 
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Figure 7.6.  Relationships between width and length of Saissetia oleae adults on (A) Tahitian 
lime trees at Kulnura on 17 February 2016, (B) and olive trees at Ebenezer on 19 February 
2016, (C) Pokolbin on 22 February 2016, and (D) Galston on 10 March 2016. 
 
 
 
 
 
 
 
 
 
 
Figure 7.7.  Relationship between ventral area and fecundity of unparasitised Saissetia oleae 
adults on olive Ebenezer on 19 February 2016. 
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Table 7.8.  Relationships between adult Saissetia oleae size, fecundity, and parasitism by Scutellista caerulea on Tahitian lime at Kulnura on 17 
February 2016.  Average percentage parasitism = 75%. 
 
Number of        
S. caerulea /scale 
Number of 
adult scales 
Length (mm) Width (mm) Area (mm2) Fecundity S. caerulea 
length 
S. caerulea 
width 
mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. 
0 19 2.62 ± 0.08 1.98 ± 0.08 4.15 ± 0.29 129.0 ± 16.3   
1 56 2.76 ± 0.05 2.10 ± 0.05 4.62 ± 0.16 29.9 ± 5.7 1.27 ± 0.031 0.69 ± 0.017 
2 1 2.75 2.00 4.32 95.00 0.92 0.54 
 
 
Table 7.9.  Relationships between adult Saissetia oleae size, fecundity, and parasitism by Scutellista caerulea on olive at Ebenezer on 19 February 
2016.  Average percentage parasitism = 48%. 
 
 
Number of        
S. caerulea /scale 
Number of 
adult scales 
Length (mm) Width (mm) Area (mm2) Fecundity S. caerulea 
length 
S. caerulea 
width 
mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. 
0 32 2.86 ± 0.075 1.86 ± 0.056 4.25 ± 0.210 354.0 ± 29.2   
1 29 3.13 ± 0.085 2.15 ± 0.075 5.39 ± 0.314 62.8 ± 16.7 1.322 ± 0.059 0.724 ± 0.031 
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Table 7.10.  Relationships between adult Saissetia oleae size, fecundity, and parasitism by Scutellista caerulea on olive at Pokolbin on 19 February 
2016.  Average percentage parasitism = 36%. 
 
Number of        
S. caerulea /scale 
Number of 
adult scales 
Length (mm) Width (mm) Area (mm2) Fecundity S. caerulea 
length 
S. caerulea 
width 
mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. 
0 47 2.54 ± 0.04 1.73 ± 0.04 3.48 ± 0.12 272.6 ± 18.9   
1 26 2.81 ± 0.09 1.87 ± 0.06 4.19 ± 0.24 20.0 ± 8.3 1.265 ± 0.051 0.756 ± 0.036 
 
 
 
 
 
Table 7.11.  Relationships between adult Saissetia oleae size, fecundity, and parasitism by Scutellista caerulea on olive at Galston on 10 March 
2016.  Average percentage parasitism = 57%. 
 
Number of        
S. caerulea /scale 
Number of 
adult scales 
Length (mm) Width (mm) Area (mm2) Fecundity S. caerulea 
length 
S. caerulea 
width 
mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. mean ± s.e. 
0 37 2.70 ± 0.04 1.73 ± 0.06 3.58 ± 0.21 221.8 ± 25.1   
1 50 2.78 ± 0.05 1.97 ± 0.04 4.31 ± 0.15 4.0 ± 1.4 1.295 ± 0.029 0.710 ± 0.018 
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7.3.2. Relationships between scale size, fecundity and parasitism in 
2017 
7.3.2.1. Length and width of unparasitised and parasitised adults in 2017 
As with Ceroplastes sinensis and Saissetia oleae on lime, orange and olive trees in summer 
2016, there was a significant correlation between the length and width of Ceroplastes sinensis 
on both orange and lime trees in summer 2017 (for unparasitised scales, F (1,72) = 386.7, R2 = 
0.84 on orange and F (1,106) = 265.8, R2 = 0.71 on lime, P < 0.001) (Fig. 7.8). 
 
 
 
Figure 7.8.  Lengths and widths of parasitised and unparasitised Ceroplastes sinensis adult 
females on Valencia orange (A) and Tahitian lime (B) trees subjected to five N treatments 
(regression applied for unparasitised scales only). 
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7.3.2.2. Adult size and mortality 2017 
Due to extreme high temperatures during summer of 2017 causing insect mortality, differences 
in scale size between live and dead scale were determined on orange trees on 27 January 2017 
and lime trees on 19 January 2017 (Tables 7.12 & 13).  Assessment from 1,112 scales in all 
treatments on orange showed that there were 446 (40.1%) dead scales and 666 (59.9%) live 
scales.  These live scales were larger in width, length and ventral area than the dead scales.  On 
lime trees, 646 scales were assessed (417 alive (64.6%), 229 dead (35.5%)), but scale size was 
similar for those that were either alive or dead. 
 
Table 7.12.  Mean (± s.e.) dimensions of Ceroplastes sinensis adult females sampled from 
Valencia orange trees subjected to five N treatments that were alive (n = 666) or dead (n = 446) 
on assessment.  Means annotated with the same letter are not significantly different from each 
other at P = 0.05 according to Fisher’s LSD tests. 
 
 
  
 
Table 7.13. Mean (± s.e.) dimensions of Ceroplastes sinensis adult females sampled from 
Tahitian lime trees subjected to five N treatments that were alive (n = 417) or dead (n = 229) 
on assessment.  Means annotated with the same letter are not significantly different from each 
other at P = 0.05 according to Fisher’s LSD tests. 
 
 Alive Dead Significance 
Width (mm)   3.56 ± 0.02a   3.51 ± 0.03a F (1, 645) = 1.52; P = 0.218 
Length (mm)   4.46 ± 0.03a   4.60 ± 0.20a F (1, 645) = 0.93; P = 0.335 
Ventral area (mm2) 12.67 ± 0.16a 12.86 ± 0.52a F (1, 645) = 0.19; P = 0.666 
 
 
7.3.2.3. Adult size and fecundity in 2017 
Similar to results for summer 2016, there was a positive correlation between scale size and 
fecundity for unparasitised Ceroplastes sinensis adult females on both orange and lime trees in 
summer 2017 (Figs 7.9 & 7.10).  On orange trees, an increase in scale ventral area from about 
 Alive Dead Significance 
Width (mm)   3.32 ± 0.02a   3.19 ± 0.02b F (1, 1111) = 21.92; P < 0.0001 
Length (mm)   4.15 ± 0.06a   3.98 ± 0.03b F (1, 1111) = 5.69; P = 0.017 
Ventral area (mm2) 10.94 ± 0.16a 10.15 ± 0.13b F (1, 1111) = 12.71; P < 0.0001 
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6 to 20 mm2 resulted in an increase in scale fecundity from 150 to 3,070 alive crawlers (Fig. 
7.9A) and from 150 to 3,460 total crawlers plus eggs (Fig. 7.9B) (R2 = 0.43, P < 0.001). On 
lime trees, the same relationship between Ceroplastes sinensis size and fecundity occurred.  As 
scale size rose from around 6 to 20 mm2, scale fecundity increased from 65 to 2,950 living 
crawlers and from 65 to 3,935 crawlers plus eggs (R2 = 0.17 and 0.34 respectively, P < 0.001) 
(Fig. 7.10). 
 
 
Figure 7.9.  (A) Relationship between scale size and numbers of living crawlers and (B) total 
numbers of crawlers and eggs produced by unparasitised Ceroplastes sinensis adult females on 
Valencia orange trees on 27 January 2017.   
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Figure 7.10.  (A) Relationship between scale size and numbers of living crawlers and (B) total 
numbers of crawlers and eggs produced by unparasitised Ceroplastes sinensis adult females on 
Tahitian lime trees on 19 January 2017. 
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7.3.3. Impacts of leaf nitrogen treatments on tree growth in 2015–
17 
7.3.3.1. Leaf nitrogen and carbon contents 
From July 2015 to March 2016, leaf samples were a composite from all trees within a treatment 
for each block and were collected for carbon and N analysis from both the orange and lime 
trees.  The data are shown in Tables 7.14 and 7.15, and the percentage variation from control 
trees (no sugar or N) is shown in Fig. 7.11.  In general, for both orange and lime, there were no 
significant effects of treatment or by block on the carbon content of the plants at any sampling 
time.  The only exceptions to this were the initial and last sampling of the lime trees, where 
there was a significant difference between blocks and treatments.   
For the orange trees, at the commencement of the trial, there were no significant differences in 
N content among the treatments.  At the second sampling date, the N content of the plants in 
the two fertiliser treatments were significantly higher than the control, but they were not 
significantly different from each other.  At this point, there was no difference among the two 
sugar treatments and the control.  At the third sampling, the fertiliser treatments showed higher 
N contents than the sugar treatments and the control, and were significantly higher in the 6-
monthly fertiliser treatment than in the 3-monthly fertiliser treatment.  At the final sampling 
time when leaf samples were collected from each tree within a treatment for each block, there 
were statistically significant differences among the sugar, fertiliser and control treatments.  The 
N levels in the fertiliser treatments were around 22–25% higher than the control while the N 
level in sugar treatments was approximately 9–12% lower in the control treatment. 
For the lime trees, again there was no significant difference in N contents at the initial sampling 
time prior to the application of the treatments.  At the second sampling time, there were 
statistically significant differences among the treatments with the fertiliser treatments being 
higher than the other three treatments.  At the third sampling, the same trend was evident, but 
the N contents were not significantly different among the five treatments.  At the last sampling, 
there was again a significant effect of the N treatments.  The, trees given the fertiliser had 
average N contents approximately 14–15% higher than the controls; there was, however, no 
difference between the two fertiliser treatments.  N contents were significantly lower in the two 
sugar treatments than the control, but not statistically different from each other. 
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Table 7.14. The mean (± se; n = 4 or 16) percentages of carbon and N in the Valencia orange trees at Kulnura, NSW from 2015–2017.  Each 
sample is a composite of leaves taken from all trees within a treatment in each of the blocks.  Means followed by the same letter are not significantly 
different from each other at P = 0.05 according to Fisher’s LSD tests. 
 
 
  
Treatment % C ± s.e. % N ± s.e. 
30 July 
2015 
2 November 
2015 
23 March 
2016 
2 February 
2017 
30 July 
2015 
2 November 
2015 
23 March 
2016 
2 February 
2017 
Sugar 3 monthly 46.04 ± 0.41 46.61 ± 0.23 46.12 ± 0.24 46.58 ± 0.23 2.66 ± 0.06 2.25 ± 0.08B 2.29 ± 0.04C 1.97 ± 0.06C 
Sugar 6 monthly 45.88 ± 0.09 46.45 ± 0.28 46.18 ± 0.25 46.55 ± 0.17 2.69 ± 0.04 2.21 ± 0.04B 2.39 ± 0.03BC 2.04 ± 0.07C 
Control 45.58 ± 0.14 46.68 ± 0.19 45.90 ± 0.35 46.68 ± 0.17 2.67 ± 0.04 2.31 ± 0.11B 2.47 ± 0.03BC 2.25 ± 0.07B 
N 6 monthly 45.90 ± 0.09 46.89 ± 0.11 46.35 ± 0.23 46.72 ± 0.18 2.79 ± 0.02 2.61 ± 0.03A 2.91 ± 0.05A 2.75 ± 0.03A 
N 3 monthly 45.88 ± 0.12 46.72 ± 0.21 45.47 ± 0.39 46.78 ± 0.20 2.76 ± 0.04 2.65 ± 0.04A 2.63 ± 0.19B 2.83 ± 0.05A 
Treatment F (4, 12) = 0.8 
P = 0.57 
F (4, 12) = 0.8 
P = 0.53 
F (4, 12) = 1.18 
P = 0.37 
F (4,60) = 0.2 
P = 0.91 
F (4, 12) = 1.95 
P = 0.17 
F (4, 12) = 11.02 
P < 0.001 
F (4, 12) = 7.4 
P = 0.002 
F (4,60) = 99.88 
P < 0.001 
Block F (3, 12) = 2.0 
P = 0.18 
F (3, 12) = 3.1 
P = 0.07 
F (3, 12) = 0.60 
P = 0.63 
F (3, 60) = 1.7 
P = 0.17 
F (3, 12) = 0.66 
P = 0.59 
F (3, 12) = 1.7 
P = 0.22 
F (3, 12) = 0.14 
P = 0.94 
F (3, 60) = 7.2 
P < 0.001 
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Table 7.15.  The mean (± se; n = 4) percentage of carbon and N in the Tahitian lime trees at Kulnura, New South Wales from 2015–2017.  Each 
sample is a composite of leaves taken from each tree within a treatment in each of the blocks.  Means followed by the same letter are not 
significantly different from each other at P = 0.05 according to Fisher’s LSD tests. 
 
Treatment % C ± s.e. % N ± s.e. 
4 August 
2015 
2 November 
2015 
23 March 
2016 
2 February 
2017 
4 August 
2015 
2 November 
2015 
23 March 
2016 
2 February 
2017 
Sugar 3 monthly 47. 91 ± 0.40 45.87 ± 0.08 46.51 ± 0.20 48.77 ± 0.30 BC 2.57 ± 0.13 1.96 ± 0.12 B 1.96 ± 0.14 2.00 ± 0.09 C 
Sugar 6 monthly 47.51 ± 0.45 46.27 ± 0.33 46.96 ± 0.10 48.48 ± 0.33 C 2.71 ± 0.13 2.15 ± 0.13 B 1.94 ± 0.14 2.00 ± 0.06 C 
Control 47.20 ± 0.54 46.18 ± 0.13 46.95 ± 0.19 49.86 ± 0.20 A 2.55 ± 0.14 2.05 ± 0.08 B 1.95 ± 0.17 2.20 ± 0.05 B 
N 6 monthly 47.25 ± 0.33 46.20 ± 0.13 47.02 ± 0.34 49.45 ± 0.31 A 2.51 ± 0.12 2.52 ± 0.09 A 2.19 ± 0.10 2.48 ± 0.05 A 
N 3 monthly 47.41 ± 0.50 46.12 ± 0.33 45.27 ± 0.09 49.33 ± 0.29 AB 2. 80 ± 0.11 2.42 ± 0.18A 2.16 ± 0.19 2.51 ± 0.07 A 
Treatment F (4, 12) = 1.00 
P = 0.46 
F (4, 12) = 0.5 
P = 0.74 
F (4, 12) = 1.8 
P = 0.181 
F (4,57) = 5.4 
P < 0.001 
F (4, 12) = 0.82 
P = 0.54 
F (4, 12) = 11.18 
P < 0.001 
F (4, 12) = 0.69 
P = 0.61 
F (4,57) =19.59 
P < 0.001 
Block F (3, 12) = 6.09 
P = 0.009 
F (3, 12) = 1.2 
P = 0.35 
F (3, 12) = 1.60 
P = 0.24 
F (3,57) =8.6 
P < 0.001 
F (3, 12) = 0.46 
P = 0.71 
F (3, 12) = 12.19 
P < 0.001 
F (3, 12) = 0.63 
P = 0.61 
F (3,57) = 15.31 
P < 0.001 
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Figure 7.11.  The percentage differences from the control in leaf N concentrations in the 
Valencia orange (A) and Tahitian lime leaves (B) during 2015–2017.  
 
 
7.3.3.2. Soil nitrogen 
At the last assessment time, mean available soil N contents in the orange block were assessed 
as the concentration of two N forms: NO3 and NH4 (Fig. 7.12).  Overall, for the contents both 
forms of N were statistically higher in the fertilizer treatment than the control (F (2, 36) = 48.60 
(for NO3), and 7.87 (for NH4), P ≤ 0.001).  However, in the sugar applications, the 
concentration of NH4 was the same as the control whereas that of NO3 was marginally higher. 
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Figure 7.12.  Mean (n = 48) available soil N contents under Valencia orange trees at the end 
of the trial following 3-monthly applications of sugar and fertiliser.  The bars are the standard 
error of the means and, within a species, means annotated with the same letter are not 
significantly different from each other according to Fisher’s LSD test at P = 0.05. 
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7.3.3.3. Leaf chlorophyll contents 
The mean chlorophyll contents of orange and lime leaves at the end of the trial, as assessed 
using a SPAD meter, are shown in Fig. 7.13.  The data for the two hybrids showed similar 
trends, but the chlorophyll contents of the orange leaves were higher in general than for the 
lime leaves for all treatments.  For both hybrids, the chlorophyll contents of the plants given 
the two fertiliser treatments were statistically higher than the controls (orange F (4, 298) = 25.14, 
P =< 0.001; lime F (4, 216) = 39.62, P = <0.001), but not different from each other.  With respect 
to the sugar treatments, for the orange trees, the leaf chlorophyll contents of the plants given 
six-monthly applications were the same as the controls; however, contents of the plants given 
three-monthly applications were lower than the control.  For the limes, the leaf chlorophyll 
contents of both sugar treatments were lower than the controls but not different from each other. 
 
 
 
 
Figure 7.13.  Mean (n = 26–64) leaf chlorophyll contents of the Valencia orange and Tahitian 
lime trees at the end of the trial.  The bars are the standard error of the means and, within a 
hybrid, means annotated with the same letter are not significantly different from each other 
according to Fisher’s LSD tests at P = 0.05. 
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7.3.3.4. Nitrogen and fruit number 
The numbers of lime fruit per 25 cm2 of tree canopy in February 2017 are shown in Table 7.16.  
Significant differences were found among the treatments (F (4,74) = 3.68, P < 0.001), and there 
was a trend for the two N applications to have greater numbers of fruit than the control.  Fruit 
numbers in the 3-monthly sugar treatment were the same as the control; numbers lower than 
the control were found in the 6-monthly sugar treatment, but the difference was not statistically 
significant. 
 
Table 7.16.  Mean numbers (n = 15–16) and standard errors of fruit on Tahitian lime trees per 
25 cm2 quadrat in February 2017.  Means annotated with the same letter are not significantly 
different from each other at P = 0.05 according to Fisher’s LSD tests. 
 
Treatment Mean number of Tahitian lime fruit/25cm2 ± s.e. 
Sugar 3-monthly 8.25 ± 3.44ab 
Sugar 6-monthly 2.6 ± 0.76b 
Control 7.25 ± 1.92 ab 
N 6-monthly 12.38 ± 1.71a 
N 3-monthly 12.63 ± 3.03a 
 F(4, 74) = 2.90; P = 0.028 
 
 
7.3.4. Impact of foliar nitrogen on scale biology in 2017 
7.3.4.1. Size of adults 2017 
At the end of the N assessments, N application significantly affected the size of adult female 
Ceroplastes sinensis on the orange trees (Fig. 7.14).  In the two fertiliser treatments, scale 
lengths, widths and ventral areas were significantly larger than in control and sugar treatments.  
The 6-monthly N application, however, affected scale size more significantly than the 3-
monthly treatment.  In the two sugar treatments, scale size was smaller than in the controls but 
not different from each other. 
Effects of N application on Ceroplastes sinensis sizes on lime trees are shown in Fig. 7.15.  In 
general, trends were similar with Ceroplastes sinensis on orange trees, as the application of 
fertiliser on limes resulted in an increase in the scale widths, lengths and ventral areas.  Scale 
sizes in 3-monthly fertiliser applications were larger than those in the 6-monthly fertiliser 
applications.  However, the difference between two fertiliser treatments was statistically 
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significant only in scale width not in length or ventral area.  In the sugar treatments, scale size 
was not significantly different from the control or from each other. 
The combined data from all treatments on oranges showed a significant (R2 = 0.4, P < 0.001), 
positive relationship between scale ventral area and N content, as a consequence, the scale 
ventral area rose from around 7 to 15 mm2 for an increase in N content of 1.5 to 3.2%; however, 
the relationship was not linear (Fig. 7.16A).  On lime, a weak (R2 = 0.04), but significant (F 
(1,103) = 4.00; P = 0.05), positive relationship between N and ventral area was found (Fig. 
7.16B). 
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Figure 7.14.  Mean (n = 202–232) width (A), length (B) and ventral area (C) of Ceroplastes 
sinensis adult females on branches from Valencia orange trees subjected to five N treatments.  
Bars represent the standard errors of the means.  Means annotated with the same letter are not 
significantly different from each other at P = 0.05 according to Fisher’s LSD tests. 
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Figure 7.15.  Mean (n = 101–170) width (A), length (B) and ventral area (C) of Ceroplastes 
sinensis adult females of branches from Tahitian lime trees subjected to five N treatments.  Bars 
represent the standard errors of the means.  Means annotated with the same letter are not 
significantly different from each other at P = 0.05 according to Fisher’s LSD tests. 
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Figure 7.16.  Relationship between foliar N content and the average size Ceroplastes sinensis 
adult females on Valencia orange (A) and Tahitian lime (B) trees in January 2017.  The data 
are compiled from all treatments. 
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7.3.4.2. Nitrogen and scale density 2017 
The density of Ceroplastes sinensis and Saissetia oleae on orange and lime trees in January 
2017 is shown in Table 7.17.  There was no treatment effect on the density of either scale on 
either host plant (P > 0.05).  On orange trees, Ceroplastes sinensis density in all treatments was 
0.38–0.44 scale/cm twig.  On lime trees, the density of Ceroplastes sinensis in all treatments 
was lower than on orange, ranging from 0.20–0.33 scale/cm twig.  For Saissetia oleae, 0.05–
0.13 scale/cm twig was found on lime trees; no insects of this species were found on orange. 
 
Table 7.17.  Means (n = 12–15) and standard errors of the density of adult female Ceroplastes 
sinensis and Saissetia oleae on five treatments on Valencia orange and Tahitian lime trees in 
January 2017. 
 
Treatment Valencia orange Tahitian lime 
Ceroplastes sinensis 
adults/cm twig 
Ceroplastes sinensis 
adults/cm twig  
Saissetia oleae adults/cm 
twig 
Sugar 6-monthly 0.38 ± 0.03 0.33 ± 0.17 0.05 ± 0.02 
Sugar 3-monthly 0.41 ± 0.06 0.20 ± 0.05 0.09 ± 0.03 
Control 0.42 ± 0.07 0.29 ± 0.08 0.13 ± 0.03 
N 6-monthly 0.44 ± 0.05 0.33 ± 0.06 0.12 ± 0.05 
N 3-monthly 0.41 ± 0.05 0.27 ± 0.06 0.13 ± 0.05 
 P = 0.916 P = 0.899 P = 0.321 
 
The percentage of twigs of lime trees infested with adult female Ceroplastes sinensis on 
Tahitian lime trees in February 2017 is shown in Table 7.18.  There were no significant 
differences among the treatments. 
 
Table 7.18.  Mean (n = 15–16) proportion and standard errors of twigs infested with adult, 
female Ceroplastes sinensis in five treatments on Tahitian lime trees in February 2017. 
 
Treatment Mean percentage (± s.e.) of twigs infested with adult female 
Ceroplastes sinensis 
Sugar 3-monthly 13.48 ± 4.92 
Sugar 6-monthly 13.29 ± 5.90 
Control 16.16 ± 2.78 
N 6-monthly 16.24 ± 4.28 
N 3-monthly 15.41 ± 3.58 
 P = 0.980 
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7.3.4.3. Nitrogen and fecundity 2017 
Assessment of the impact of N levels on Ceroplastes sinensis fecundity 2017 is shown in Figs 
7.17–18.  On the orange trees in the two N treatments, the number of living crawlers (834–
1,040) was significantly greater than in the controls (626), but not different from each other.  
In the sugar treatments, numbers tended to be less than in the control, but the differences were 
not significant.  The total number of crawlers plus eggs in the sugar and N treatments did not 
differ from the control, but the numbers in the N treatments were significantly different from 
those in the sugar treatments.  A regression analysis comparing plant N contents with the 
fecundity of unparasitised scales (Fig. 7.19) showed a significant relationship between these 
two factors.  In contrast to the data for the orange trees, on the limes trees there was no direct 
effect of the sugar and N application on fecundity among any of the treatments nor any 
relationship between plant N contents and fecundity. 
 
 
Figure 7.17.  Means (n = 5–28) and standard errors of the fecundity of Ceroplastes sinensis 
adult females sampled from Valencia orange trees subjected to five N treatments that were 
alive on assessment.  Means annotated with the same letter are nor significantly different from 
each other at P = 0.05 according to Fisher’s LSD tests. 
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Figure 7.18.  Means (n = 16–30) and standard errors of the fecundity of Ceroplastes sinensis 
adult females sampled from Tahitian lime trees subjected to five N treatments that were alive 
on assessment.  Means annotated with the same letter are not significantly different from each 
other at P = 0.05 according to Fisher’s LSD tests. 
  
195 
 
 
Figure 7.19.  Relationship between plant N content and numbers of living crawlers (A) and 
total numbers of crawlers and eggs (B) produced by unparasitised Ceroplastes sinensis adult 
females on Valencia orange trees on 27 January 2017. The data are compiled from all 
treatments. 
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Figure 7.20.  Relationship between plant N content and numbers of living crawlers (A) and 
total numbers of crawlers and eggs (B) produced by unparasitised Ceroplastes sinensis adult 
females on Tahitian lime trees on 27 January 2017. The data are compiled from all treatments. 
  
197 
 
7.3.4.4. Nitrogen and adult mortality in 2017 
The numbers and proportions of adult female Ceroplastes sinensis that were alive or dead on 
orange and lime trees at the final assessment time are shown in Table 7.19.  Overall, 
approximately 40% of females were dead on the orange trees.  There was no significant 
difference (2 = 3.35; df = 4; P = 0.501) in the proportions that were alive or dead among the 
five treatments on this host plant.  On lime trees, approximately 35% of scales were dead.  
However, in contrast to the data from the orange trees, there was significant difference (2 = 
17.31; df = 4; P = 0.002) in the proportions that were alive or dead among the five treatments 
with a trend for fewer scales to be alive in the sugar treatments and more to be alive in the 
fertiliser treatments. 
 
Table 7.19.  Numbers and proportions of Ceroplastes sinensis adult females alive or dead on 
sections of branches taken from Tahitian lime trees on 19 January 2017 and Valencia orange 
trees on 27 January 2017 and subjected to the five N treatments. 
 
Treatment Tahitian lime Valencia orange 
Alive Dead % dead Alive Dead % dead 
Sugar 3-monthly 66 31 31.96 121 100 45.25 
Sugar 6-monthly 84 42 33.33 112 96 46.15 
Control 101 67 39.88 137 88 39.11 
N 6-monthly 88 53 37.59 149 81 35.22 
N 3-monthly 79 36 31.29 147 81 35.53 
 
 
7.3.4.5. Nitrogen and parasitism in 2017 
The quantities and proportions of parasitoids of adult, female Ceroplastes sinensis in the five 
treatments on orange and lime trees in January 2017 are shown in Tables 7.20 and 7.21.  In 
general, there were two prominent parasitoids of Ceroplastes sinensis on both host plants, 
Scutellista caerulea and Metaphycus varius, with the second being the more common.  No 
scales were found that contained both parasitoids.  On orange, for Metaphycus varius, there 
was no effect of the treatments on total numbers of live or dead scale.  In contrast, for Scutellista 
caerulea, a significant difference among the treatments was found, with a trend for numbers 
and proportions to be higher on trees in the fertiliser treatments than the control and lower than 
the control in the sugar treatments.  The same trend with respect to treatment was apparent for 
unparasitised scales. 
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On the lime trees, significant differences among the treatments were found for both Scutellista 
caerulea and Metaphycus varius, as well as for dead scales.  For Scutellista caerulea, a greater 
proportion of scales was parasitised in the fertiliser treatments than the control but there was 
little difference between the control and the sugar treatments.  For both Metaphycus varius and 
for dead scales, the proportions in these classes tended to be lower on trees in both the fertiliser 
and sugar treatments than in the control. 
The relationship between the size of adult females of Ceroplastes sinensis and the numbers of 
Metaphycus varius within them on orange and lime trees is shown in Fig. 7.21A & B.  The data 
in both graphs are compiled from all treatments and show weak but significant positive linear 
relationships between the two factors. 
 
 
Figure 7.21.  Relationship between the ventral area of adult females of Ceroplastes sinensis 
on (A) Valencia orange and (B) Tahitian lime trees and the numbers of Metaphycus varius 
within the scales.  The data are compiled from all treatments. 
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Table 7.20.  Numbers and percentages of parasitoids of Ceroplastes sinensis adult females on Valencia orange trees subjected to five N treatments 
27 January 2017.  Over all parasitism: Scutellista caerulea 7.3%; Metaphycus varius 81.7%; unparasitised live scale 11.0%; dead scale 40.1%. 
 
 Sugar 3-monthly Sugar 6-monthly Control N 6-monthly N 3- monthly Total 
Number 
Chi 
square 
P 
Number %  Number % Number % Number % Number % 
Scutellista 
caerulea 
4 3.3 5 4.5 9 6.6 15 10.1 16 10.9 49 12.53 0.014 
Metaphycus 
varius 
107 88.4 102 91.0 117 85.4 106 71.1 112 76.2 544   1.24 0.872 
Unparasitised 
live scale 10 8.2 5 4.5 11 8.0 28 18.8 19 12.9 73 22.27 0.0002 
Dead scale 
(heat stress) 100 22.4 96 21.5 88 19.7 81 18.2 81 18.2 446   3.35 0.501 
Total live 
scale 121 18.2 112 16.8 137 20.6 149 222.4 147 22.1 666   7.9 0.095 
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Table 7.21.  Numbers and percentages of parasitoids of Ceroplastes sinensis adult females on Tahitian lime trees subjected to five N treatments 
on 19 January 2017. Over all parasitism: Scutellista caerulea 12.9%; Metaphycus varius 61.2%; unparasitised live scale 25.6%; dead scale 35.4%. 
 
 Sugar 3-monthly Sugar 6-monthly Control N 6-monthly N 3-monthly Total 
Number 
Chi 
square P Number  % Number % Number % Number % Number % 
Scutellista 
caerulea 
8 12.1 5 6.0 10 9.0 20 22.7 11 13.9 54 12.44 0.014 
Metaphycus 
varius 
39 59.1 59 70.2 74 74.0 37 42.1 47 59.5 256 18.53 0.001 
Unparasitised 
live scale 19 28.8 20 23.8 17 17.0 31 35.2 20 26.6 107 5.58 0.233 
Dead scale 
(heat stress) 31 13.5 42 18.3 67 29.3 53 23.1 36 15.7 229 17.31 0.002 
Total live scale 66 15.8 84 20.1 101 24.2 88 21.1 78 18.7 417 7.91 0.095 
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With regards to Ceroplastes sinensis, the mean size of unparasitised and parasitised scales in 
all treatments on orange and lime trees in January 2017 is shown in Tables 7.22 and 7.23.  On 
both plant hosts, the lengths, widths and ventral areas of unparasitised scales were larger than 
for parasitised scales.  However, there was no difference in size between scales parasitised by 
Scutellista caerulea and Metaphycus varius. 
 
Table 7.22.  Mean dimensions and standard errors of parasitised and unparasitised adult, 
female Ceroplastes sinensis on Valencia orange trees.  The means are derived from all 
treatments, and means within columns annotated with the same letter are not significantly 
different from each other at P = 0.05 according to Fisher’s LSD tests. 
 
 Number of scales Length (mm) Width (mm) Ventral area (mm2) 
Unparasitised 73 4.84 ± 0.48a 3.53 ± 0.06a 13.45 ± 1.19a 
Metaphycus varius 544 4.06 ± 0.02b 3.28 ± 0.02b 10.57 ± 0.10b 
Scutellista caerulea 49 4.17 ± 0.09b 3.38 ± 0.06b 11.19 ± 0.37b 
 
 
Table 7.23.  Mean dimensions and standard errors of parasitised and unparasitised adult, 
female Ceroplastes sinensis on Tahitian lime trees.  The means are derived from all treatments, 
and means within columns annotated with the same letter are not significantly different from 
each other at P = 0.05 according to Fisher’s LSD tests. 
 
 Number of scales Length (mm) Width (mm) Ventral area (mm2) 
Unparasitised 107 4.62 ± 0.06a 3.72 ± 0.04a 13.72 ± 0.32a 
Metaphycus varius 257 4.39 ± 0.04b 3.50 ± 0.03b 12.26 ± 0.19b 
Scutellista caerulea 54 4.41 ± 0.09b 3.50 ± 0.07b 12.42 ± 0.47b 
 
 
7.3.5. Impact of foliar nitrogen on scale biology on olive 2015–16 
Details of Saissetia oleae collected from olives during 2015–16 are presented in Table 7.24.  
Scales on the olives from the different sources were all small being approximately 2.7 mm in 
length and 1.9 mm in width.  N concentrations in the host plant were low being approximately 
1.6%.  No relationship between N content and ventral area was found (F (1, 5) = 0.51; P = 0.51). 
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Table 7.24.  Mean size of Saissetia oleae collected from olive trees in 2015–16 and the mean carbon and N contents of the host trees. 
 
Location Sampling date Number of 
trees 
Number of 
scales 
Length 
(mm) 
Width 
(mm) 
Ventral area 
(mm2) 
Fecundity Carbon 
(%) 
N (%) 
Sunbury, NSW 30 November 2015 1 20 2.73 1.79 3.84 nd 51.92 1.47 
Lue, NSW 2 September 2015 1 20 2.86 2.39 5.37 nd 51.46 1.43 
Botobolar, NSW 2 September2015 1 20 2.30 1.79 3.23 nd 52.04 1.59 
Glenoran, WA 14 December 2016 1 60 2.84 2.26 5.03 nd 53.71 1.97 
Ebenezer, NSW 19 February 2016 2 32 2.86 1.86 4.18 354 53.13 1.52 
Galston, NSW 10 March 2016 4 37 2.70 1.73 3.67 222 53.87 1.56 
Pokolbin, NSW 22 February 2016 6 47 2.54 1.73 3.45 273 53.34 1.46 
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7.3.6. Identification of Metaphycus varius 
7.3.6.1. Morphology 
Images of male and female parasitoids are given in Figs 7.22–33.  The insect was identified as 
Metaphycus varius from the key given in Malipatil et al. (2000) using the following 
characteristics (numbers in parenthesis refer to the numbers in the key): 
 
(13) Clava of female 3 segmented (Figs 7.22F & 7.23A), wings infuscate (Fig 
7.26, 7.31 & 7.32) 
(14) Flagellum not flat (Figs 7.22C & F, 7.23A, 7.25D, & 7.27 A & B) 
(17) Forewing hyaline (Figs 7.26A & C) 
(18) Ovipositor not exerted (Figs 7.22E, 7.23C, & 7.28) ( = Metaphycus) 
(19) Tibiae uniformly pale, without fuscus bands (Figs 7.29, 7.30, 7.31 & 7.33) 
(20) Maxillary and labial palpi each 3 segmented (Fig. 7.22D; Fig. 7.24C) 
(21) Female large (1.2–1.5 mm) (Fig. 7.31 & 7.32) ( = Metaphycus varius) 
 
The body and head of the female is largely yellow, the anterior margin of the pronotum 
and dorsum of the gaster are dark, the antennae are banded, the scape is almost black as 
is the basal part of the pedicel.  The genae have fuscus bands, the eyes are dark brown to 
black, and the fifth segment of the funicle is partly pigmented.  The males are smaller 
than the females being 1.1 mm, the dorsal parts of the thorax and abdomen are dark all 
over.  In addition, with the exception of the distal part of the pedicel, the antennae of the 
males are dark.  The tibiae of the males are uniformly pale, without fuscus bands. 
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Figure 7.22.  Electron micrographs of Metaphycus varius females on lime, Kulnura—A: head 
(right eye); B: head (eyes, mesoscutum and axilla); C: dosal view; D: mouth; E: ovipositor; F: 
antenna.  
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Figure 7.23.  Electron micrograph of Metaphycus varius females on orange, Kulnura—A: 
antenna; B: dorsal view of thorax; C: dorsal view of abdomen. 
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Figure 7.24.  Electron micrograph of male Metaphycus varius on orange, Kulnura—A: 
genitalia; ventral view of body; C: mouthparts showing maxillary and labial palpi. 
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Figure 7.25.  Electron micrograph of male Metaphycus varius on lime, Kulnura—A: 
mouthparts; B: ventral view of abdomen; C: ventral view of genitalia; D: ventral view of body. 
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Figure 7.26.  Light micrographs of (A) the fore wing and (B) the hind wing of a female 
Metaphycus varius and (C) the fore wing of a male.  
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Figure 7.27.  Light micrographs of antenna of Metaphycus varius:(A) female and (B) male. 
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Figure 7.28.  Light micrograph of ovipositor of Metaphycus varius. 
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Figure 7.29.  Light micrographs of (A) the fore leg, (B) the middle leg, and (C) the hind leg of 
a female Metaphycus varius.  
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Figure 7.30.  Light micrographs of (A) the fore leg, (B) the middle leg, and (C) the hind leg of 
a male Metaphycus varius.  
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Figure 7.31.  Light micrographs of (A) dorsal and (B) ventral views of a Metaphycus varius 
female (photograph: David Randall). 
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Figure 7.32.  Light micrograph of a lateral view of a female Metaphycus varius (photograph: 
David Randall). 
  
215 
 
 
Figure 7.33.  Light micrographs of (A) dorsal, (B) ventral, and (C) lateral views of a 
Metaphycus varius male.  
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7.3.6.2. Phylogenetic analyses 
The phylogenetic trees with the highest log likelihoods based on COI and the 18S, and 28S 
regions showing the relationship of accessions of Metaphycus varius from Ceroplastes sinensis 
on two plant hosts (lime and orange) with the few accessions of Metaphycus spp. within 
GenBank are shown in Figs 7.34–36.  Species of Trichogramma and Ophioneurus 
(Hymenoptera: Trichogrammatidae) were used as out groups.  No sequences for Metaphycus 
varius have been lodged in GenBank.  BLAST searches using the sequences from the three 
genetic regions of Metaphycus varius as query sequences, all showed the most closely related 
sequences to be those of other Metaphycus species.  The sequences from COI and 28S showed 
that the insect is related to Metaphycus flavus and Metaphycus luteolus, while the 18S sequence 
only showed that the study insect is related to an unidentified Metaphycus species. 
 
 
 
 
 
Figure 7.34. Phylogenetic analysis of the COI region derived using maximum likelihood and 
the General Time Reversible model (Nei & Kumar 2000). The tree with the highest log 
likelihood (-1177.3829) is shown. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (5 categories (+G, parameter = 0.3044)). The 
percentage of trees from 1000 bootstrap replicates in which the associated taxa clustered 
together is shown next to the branches.  The tree is rooted with Trichogramma brasiliensis. 
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Figure 7.35. Phylogenetic analysis of the 18S region derived using maximum likelihood and 
the Jukes-Cantor model of evolution (Jukes & Cantor 1969).  The tree with the highest log 
likelihood (-1051.4374) is shown.  The percentage of trees from 1000 bootstrap replicates in 
which the associated taxa clustered together is shown next to the branches.  The tree is rooted 
with Ophioneurus sp. 
 
 
 
Figure 7.36. Phylogenetic analysis of the 28S region derived using maximum likelihood and 
the Tamura 3-parameter model of evolution (Tamura 1992).  The tree with the highest log 
likelihood (-1311.7720) is shown. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (5 categories (+G, parameter = 0.1600)).  The 
percentage of trees from 1000 bootstrap replicates in which the associated taxa clustered 
together is shown next to the branches.  The tree is rooted with Cheiropachus quadrum. 
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7.4. Discussion 
This section of study examined the influence of plant N concentrations on the growth and 
fecundity of Ceroplastes sinensis and Saissetia oleae and the subsequent effect of these 
influences on parasitism.  To affect plant N concentrations, lime and orange trees were 
subjected to 6- or 3-monthly additions of nitrogenous fertilisers or sugar.  As would be 
expected, the fertiliser additions clearly increased the N content in both the soil and the plants 
resulting in higher chlorophyll contents in both hybrids and a greater number of fruit on the 
lime trees; however, there was little difference between the two fertiliser treatments.  The sugar 
additions aimed to reduce the availability of soil N to the plants, and both treatments showed a 
gradually reduction in leaf N concentrations compared to the control as the trial progressed.  
Final leaf concentrations were significantly lower than the control resulting in lower 
chlorophyll contents and, to some extent fewer fruit.  Leaf carbon in the orange block was 
unaffected by any treatment; however, in the lime block, leaf carbon was reduced in the sugar 
treatments only compared to the control. 
Microbial biomass in soils is a major nutrient sink in many ecosystems (Harte & Kinzig 1993) 
and may constitute an important control on nutrient availability, turnover and retention, 
particularly where N availability is the main constraint on primary production (Zogg et al. 
2000; Clemmesen et al. 2008).  A number of soil management practices have been used to 
reduce N availability.  These include burning, grazing, biomass removal, topsoil removal and 
addition of carbon to the soil, with the latter two treatments being reported as the most reliable 
(Perry et al. 2010).  These practices have mainly aimed to facilitate ecosystem management by 
reducing weed growth through reductions in available N, but microbial nutrient immobilisation 
has also been reported in agricultural systems (Anderson & Domsch 1989; Jensen et al. 1997).  
Carbon additions stimulate the activity of soil microorganisms thereby immobilising plant-
available soil nutrients (Schmidt et al. 1997; Török et al. 2000).  This current study used the 
latter technique to reduce plant N concentrations in the oranges and limes.   
Most studies on the use of soil carbon additions have looked at the effects on herbaceous 
species; however, some have also looked at woody species.  In a pot trial, Nieminen (2009) 
found that the balance between Norway spruce (Picea abies (L.) H. Karst; Pinales: Pinaceae) 
and competing grasses could be altered through the addition of sucrose; however, plant N 
concentrations were not measured.  Cassidy et al. (2004) applied a mixture of sawdust and 
sucrose to blocks containing barberry (Berberis thunbergii DC., Ranunculales: Berberidaceae) 
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and found that although primary production was affected by foliar N concentrations, this effect 
was independent of treatment.  Yarie et al. (1996) applied sucrose and sawdust to upland and 
floodplain forest areas of Alaska.  Both treatments decreased foliar N in alder (Alnus spp. Mill., 
Fagales: Betulaceae), aspen (Populus tremuloides Michx., Malpighiales: Salicaceae) and 
poplar (Populus balsamifera L., Malpighiales: Salicaceae); although the sugar treatments were 
more successful.  This study and the work of Yarie et al. (1996) show that additions of sugar 
provide a simple and inexpensive means of manipulating tree N concentrations. 
Concentrations of soil NH4 and NO3 have often been measured during the studies of carbon 
applications to soils such as those described above (Alpert 2010).  Often, these studies show 
reduction in available N with NO3 being more affected that NH4.  However, in six of the studies 
reviewed by Alpert (2010), no changes in available soil N were reported.  For example, due to 
overgrazing, rangeland in south-eastern Oregon suffers from an overgrowth of Artemisia 
tridentata Nutt. ssp. wyomingensis (Asterales: Asteraceae) at the expense of native grasses such 
as Achnatherum thurberianum (Piper) Barkworth (Poales: Poaceae).  A study by Miller et al. 
(1991) was made to investigate the effects of different N treatments on the growth of these 
species, including the use of granulated sugar.  Although the sugar treatment affected the 
relative amounts of biomass produced by these species, no differences in soil N were found.  
Likewise, this present study also showed little or no effect of the sugar treatment on soil N. 
During 2016 and 2017, work was performed to establish the relationship between scale size 
and fecundity in my experimental systems.  For both Ceroplastes sinensis and Saissetia oleae, 
strong, positive, linear relationships were found between scale size and the number of eggs and 
crawlers produced by the insects.  Honěk (1993) reviewed the relationship between female 
body size and potential fecundity for 57 species of Coleoptera, Diptera, Ephemeroptera, 
Heteroptera, Hemiptera, Hymenoptera, Lepidoptera, and Trichoptera, and Diptera.  He 
concluded that, overall, for these different groups of insects, there was a linear relationship for 
fecundity versus size, with the slope of the regression being close to one.  Lo et al. (1996) also 
found a positive relationship between body size and fecundity for Ceroplastes sinensis.  
However, the relationship was not linear and could be described by a power equation.  Linear 
relationships between scale size and fecundity have been found for Ceroplastes rubens (Loch 
& Zalucki 1997; Wang et al. unpublished), Ceroplastes floridensis (Podoler et al. 1981) and 
Ceroplastes destructor (Wakgari & Giliomee 2000) and a power relationship for Ceroplastes 
destructor (Lo 1995).  Linear relationships between body size and fecundity have also been 
found for Saissetia oleae by Tena et al. (2007) and Ilias and Hammadi (2017). 
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The data presented in this chapter demonstrate a positive correlation between the N content 
within the host plant and scale size for Ceroplastes sinensis.  In general, females of Ceroplastes 
sinensis were larger on trees given the fertiliser treatments than in the control and smaller than 
the control on trees in the sugar treatments; these trends were evident on both lime and orange 
trees.  Also, when the data for all treatments were combined, there was a positive relationship 
between plant N content and scale size; however, the relationship was not linear and could be 
described by a power relationship.  Although the trends on orange and lime were similar, 
female Ceroplastes sinensis were larger on lime than on orange.  For example, on orange, 
scales in the control treatment had average ventral areas of ~10.7 mm2 but 12.0 mm2 on lime 
despite average N concentrations in the oranges (2.25%) being slightly higher than in the in the 
limes (~2.20%).  Similarly, in the fertiliser treatments, this scale was also larger on lime (14.5 
mm2) than on orange (11.6 mm2) despite average N concentrations being 2.5% in the limes and 
2.8% in the oranges.  Thus, plant N is not the only factor driving scale size.  Prestidge and 
McNeill (1983) showed that that N quality, as defined by their “amino acid quality index” was 
more important than N concentration in determining which species of leafhopper fed on Holcus 
grasses.  Also, the essential amino acid content of phloem sap may be insufficient to support 
growth (Douglas 2006).  The unusually high temperatures in the summer of 2016–2017 
precluded much work on Saissetia oleae, but the data obtained in previous seasons showed no 
relationship with plant N on olive, and little difference in ventral area between lime (average 
ventral area, 4.15 mm2; 1.95% N) and olive (average ventral area, 3.45–5.37 mm2; 1.43–1.97% 
N). 
The application of fertilisers, particularly those containing N, is usually beneficial for sucking 
insects (Kytö et al. 1996), and links between fertilisation and size have been shown for a 
number of scales including elongate hemlock scale (Fiorinia externa Ferris) (McClure 1980), 
oleander scale, Aspidiotus nerii Bouché, (Berlinger et al. 1999), and Ceroplastes sinensis 
(Beattie et al. 1990).  The relationship between plant N concentration and size for Ceroplastes 
sinensis was non-linear (Beattie et al. 1990), and my study also showed that the variation in 
scale size was related to plant N concentrations only and not to other nutrients.  In contrast, the 
size of adult Ceroplastes rubens did not correlate with foliar N, P or K concentrations (Loch & 
Zalucki 1997).  However, only a small number of trees was examined in my study and the 
number may not be sufficient to detect a relationship (Loch & Zalucki 1997).  Similarly, the 
lack of a relationship between foliar N and size of Saissetia oleae in my study may be due to 
the same reason.  However, the over use of nitrogenous fertiliser has been reported to lead to 
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increases in populations of Saissetia oleae (Pucci et al. 1985).  Therefore, a more detailed study 
would be expected to find such a relationship.  As shown in the current study, Tena et al. (2007) 
also found no difference in the size of Saissetia oleae between olive and citrus growing in 
Spain; however, their study did not relate scale size with plant N concentrations. 
The effect of plant N concentrations on fecundity showed differing results between the two 
host plants.  Due to the exceptionally hot conditions at Kulnura (Tables 7.25 and 7.26), few 
Ceroplastes sinensis adults remained alive and were available for assessment, and the standard 
errors of the means were large, possibly due to a perturbation in egg production.  Despite this, 
on orange there was a clear trend for fecundity, as assessed by the production of both living 
crawlers or total crawlers and eggs, to positively vary with N concentration.  In contrast, on 
lime, there was no clear correlation between plant N concentration and fecundity.  Shade within 
the canopies of the orange trees may have reduced impacts of extreme heat on the scale. 
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Table 7.25.  Weather summary – Kulnura – Based on Mangrove Mountain – 061375. 
 
 1994-2018 2014/15 2015/16 2016/17 2017/18 
November      
Mean daily maximum °C 24.4 26.79 25.77 27.51 23.54 
Number of days maximum temperature ≥ 38°C  2 1 0 0 
Number of days maximum temperature ≥ 40°C 0.1 1 0 0 0 
December      
Mean daily maximum °C 26.3 27.06 26.69 29.73 29.29 
Number of days maximum temperature ≥ 38°C  0 0 2 4 
Number of days maximum temperature ≥ 40°C 0.1 0 0 0 1 
January      
Mean daily maximum °C 27.4° 27.64 27.16 31.27 30.29 
Number of days maximum temperature ≥ 38°C  0 1 8 3 
Number of days maximum temperature ≥ 40°C 0.6 0 0 5 1 
February      
Mean daily maximum °C 26.5° 26.17 28.38 29.67  
Number of days maximum temperature ≥ 38°C  0 1 3  
Number of days maximum temperature ≥ 40°C 0.1 0 0 2  
Total      
Mean number of days maximum temperature ≥ 38°C  2 3 13  
Mean number of days maximum temperature ≥ 40°C  1 0 7  
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Table 7.26.  Highest temperatures recorded at Kulnura since 1994 
 
November 42.1°C: 23 November 2014 
December 40.8°C: 20 December 2017 
January 44.0°C: 7 January 2018 
February 44.4°C: 11 February 2017 
 
 
As found in my study, within the neococcoids (sensu Gullan & Cook 2007) the interaction 
between plant N and fecundity is variable.  Three studies have found positive correlations 
between plant N concentrations and fecundity.  In the first, an experiment performed in 
Queensland, Australia, by Rae & Jones (1992) found that there was a trend for fecundity of the 
sugarcane mealybug (Saccharicoccus sacchari (Cockerell), Pseudococcidae) to be greater on 
sugarcane (Saccharum officinarum L.) plants given higher N treatments.  In the second, 
Hogendorp et al. (2006) showed that the reproductive ability of female citrus mealybugs 
(Planococcus citri (Risso), Pseudococcidae), measured as egg load, correlated with plant N 
concentrations in coleus (Solenostemon scutellarioides L. Codd.).  The third, by Rhodes 
(2015), found that the Madeira mealybug (Phenacoccus madeirensis Green, Pseudococcidae) 
had greater fecundity on basil (Ocimum basilicum L., Lamiaceae) plants that had been fertilised 
than those not fertilised; however, when the data as a whole were compared, there was no 
relationship between plant N levels and fecundity.  Washburn et al. (1987) also found that two 
members of the Coccidae, Pulvinariella mesembryanthemi (Vallot) and Pulvinaria delottoi 
Gill cultured on Carpobrotus edulis (L.) ×aequalateris (Haw.) (Caryophyllales: Aizoaceae) 
under greenhouse conditions showed no significant correlation between amount or form of N 
additions and survivorship, ovisac size, or fecundity.  Similarly, Hare et al. (1990) found that 
although substantial differences in the concentrations of free amino acids and soluble protein 
occurred in foliage and bark of various citrus cultivars, these differences did not correlate with 
survival, growth rate, and initial egg complement of red scale (Aonidiella aurantii).  Finally, 
McClure (1983) found that the reproductive success of two Japanese armoured scales, Fiorinia 
externa Ferris and Nuculaspis tsugae (Marlatt) (Diaspididae), on native and exotic hemlocks 
was not related to foliar N concentrations. 
My study showed a difference between survival on the orange and lime trees related to the 
fertiliser treatments.  On lime, there was no difference in survival among the different 
treatments whereas on orange survival was positively correlated with plant N content.  The 
relationship between plant N and survival varies among insect species, with the survival of 
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sucking insects typically increasing with plant N content whereas that of chewing insects often 
decreases (Mattson 1980). McClure (1980) showed that the total N concentration of needles of 
14 coniferous host species was significantly correlated with survival of hemlock scale, Fiorinia 
externa.  Rae & Jones (1992) found a quadratic relationship between survival of the sugarcane 
mealybug, Saccharicoccus sacchari and plant N, i.e., survival was higher on plants supplied 
with moderate N levels and they proposed that this might be due to the production of nitrogen-
based defence compounds; similar results have been found in aphids (Honěk 1991; Gash 2012).  
In contrast, Hare et al. (1990) found no correlation between these factors for red scale.  In my 
study, there would have been a substantial difference in the environments experienced by the 
insects on the two host plants due to the differences in plant size and this may explain the 
observed differences in survival; shading was greater in the orange trees. 
The two years in which parasitism was assessed showed distinct differences.  In 2016, only one 
parasitoid species, Scutellista caerulea, was found in association with Ceroplastes sinensis on 
orange and lime and with Saissetia oleae on olive and lime.  On all host plants there was an 
association between the size of the host insect and the number of parasitoids.  On orange and 
olive, only single parasitoids were found in parasitised Ceroplastes sinensis or Saissetia oleae, 
and these scales were 20–27% bigger than unparasitised ones.  On lime, multiple parasitoids 
were found in association with the two insect hosts.  A single individual of Saissetia oleae was 
found that contained two parasitoids and in Ceroplastes sinensis up to six parasitoids were 
found within one single individual.  With Ceroplastes sinensis, there was a clear trend for the 
size of the insect host to positively related to the number of parasitoids it contained.  It appears 
that up to a certain size, Scutellista caerulea will, essentially, only lay single eggs (as seen with 
both insect hosts on orange and olive), with females choosing larger scales over smaller ones 
in which to oviposit.  After a certain size, females are likely to lay multiple eggs with the 
number laid increasing in proportion to the size of the insect host (as seen with both insect 
hosts on lime).  A similar situation was reported by Salt (1961): only one or rarely two eggs of 
Trichogramma evanescens Salt developed in eggs of Sitotroga cerealella (Olivier) but six 
commonly developed in the larger eggs of an Agrotis sp. and fifty developed in the very large 
eggs of Laothoe populi L. (as Smerinthus populi). 
Only two studies have looked at the association between insect host size and oviposition for 
Scutellista caerulea.  In a field study of fig wax scale (Ceroplastes rusci), Awamleh et al. 
(2009) observed a tendency for females of Scutellista caerulea to prefer larger hosts, and they 
also found that large parasitoid females emerged from large scales.  In a laboratory study using 
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two size classes of Scutellista coffeae, Ibrahim (1984) showed that significantly more progeny 
of Scutellista caerulea emerged from the larger than the smaller scales.  It is generally assumed 
that host size determines quality (Charnov et al. 1981; Charnov 1982) and, in most species of 
parasitoid wasps, more females than males emerge from larger hosts (King 1987; 1989a).  As 
larger hosts contain more resources, they should be of higher quality than small hosts and 
should be preferred; this has been shown in my study and those by Awamleh et al. (2009) and 
Ibrahim (1984).  However, this is not always the case (Kouame & Mackaure 1991; King & 
King 1994).  In my study an inverse relationship between parasitoid size and the number of 
parasitoids within the insect host (Ceroplastes sinensis) was noted.  This too may be related to 
the ability of the host to support the developing parasitoids.  This effect was first noticed by 
Salt (1940) who found that as the number of Trichogramma evanescens increased within its 
host, Agrotis c-nigrum (L.), the size of the parasitoid decreased, and runts were found.  It is 
also known that females of many gregarious parasitoids regulate the number of eggs to be 
deposited according to their host size (Salt 1961; Klomp and Teerink 1962, 1967; Wylie 1967; 
Takagi 1986), and it appears from my study that Scutellista caerulea is also able to do this. 
In 2017, two parasitoids, Scutellista caerulea and Metaphycus varius, were found with the 
latter parasitising the greater number of scales (82% on orange and 61% on lime trees).  No 
individuals were found that contained both parasitoids.  It appears that interspecific 
discrimination by parasitoids is rare, i.e., they will often oviposit in hosts previously parasitized 
by another species (Bakkar et al. 1985), and multiparasitism of Saissetia oleae by both 
Scutellista caerulea and Metaphycus anneckei (cited as Metaphycus lounsburyi) has been 
recorded (Ehler 1978).  Multiparasitism of Saissetia oleae has also been found with 
Metaphycus anneckei (cited as Metaphycus lounsburyi) and Metaphycus lounsburyi (cited as 
Metaphycus bartletti) (Argov & Rössler 1993), and between Metaphycus lounsburyi (cited as 
Metaphycus bartletti) and Metaphycus swirskii Annecke & Mynhardt.  For Scutellista caerulea 
on orange, there was a marked trend for both insect size and level of parasitism to increases 
with increases in plant N concentrations; on lime, there was a similar trend, but it was less 
clear.  The level of parasitism in 2017 was lower than in the previous year, and this may have 
been due to the combined effect of the extreme seasonal conditions and competition from 
Metaphycus varius.  In contrast, for Metaphycus varius, there was no relationship of either size 
or level of parasitism with plant N on either orange or lime.   
Like many other parasitoids, species of Metaphycus lay female eggs in larger scales and larger 
scales give rise to larger parasitoids (Bernal et al. 1998, 1999, 2001).  Thus, members of this 
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genus are able to discriminate between large and small hosts.  One possible explanation for the 
lack of a relationship between host size and level of parasitism in my study may be 
encapsulation; however, encapsulation was not examined.  Encapsulation is a common defence 
shown by soft scales hosts against Metaphycus eggs, with the level of encapsulation varying 
with parasitoid-host combination (Blumberg 1997).  During encapsulation, the scale forms a 
capsule around either a parasitoid egg or larva that is usually composed of host blood cells and 
melanin thereby killing it (Kapranas et al. 2009).  As shown for Metaphycus flavus (Howard) 
(Blumberg 1977) and Metaphycus stanleyi (Blumberg and DeBach 1981; Blumberg 1991), the 
host plant can also influence the level of encapsulation and this, in part, may account for the 
20% difference in parasitism between orange and lime seen in my study.  Larger hosts may be 
physically and physiologically better defended (Salt 1963), and Tena and Garcia-Marí (2008) 
showed that large citricola scales (Coccus pseudomagnoliarum) are unsuitable hosts for 
Metaphycus helvolus due to egg encapsulation.  If this is the case for the Metaphycus varius, 
this would reduce parasitism in the larger scales.  However, Kapranas et al. (2011) found no 
relationship between encapsulation rates and host size for Metaphycus luteolus Timberlake.  
Encapsulation is also affected by temperature.  Blumberg (1982) found that in Saissetia oleae, 
the frequency of encapsulation of Metaphycus swirskii did not differ at 24 or 28°C, but 
increased considerably at 32°C.  If temperature has a similar effect on Metaphycus varius then 
the increasing temperatures experienced at Kulnura during the season would have favoured 
this phenomenon. 
With insect parasitoids, host discrimination is the ability of a female to distinguish parasitized 
from unparasitised hosts, and discrimination has been observed in most parasitoid species (van 
Lenteren 1981; van Alphen and Visser 1990).  A number of studies state that parasitoids are 
able to differentiate between self- and conspecific parasitised hosts (Hubbard et al. 1987; Völkl 
& Mackauer 1990; McBrien & Mackauer 1991; van Dijken et al. 1992; Viser 1992) and avoid 
superparasitism.  However, when unparasitised hosts are scarce in situations where there is 
superabundance of parasitoids, this reluctance to superparasitise breaks down (Salt 1934; de 
Bach & Smith 1947; van Lenteren 1975; van Lenteren & Bakker 1975; Hegazi et al. 1984; 
Propp & Morgan 1984).  In my study, high levels of parasitism were observed in 2017: 74% 
of Ceroplastes sinensis on lime and 81% on orange.  It may be possible that the lack of an 
association between scale size and whether or not a scale is parasitised by Metaphycus varius 
may be due to high parasitoid density.  Parasitoids that arrive in the citrus blocks early in the 
season have the choice of ovipositing in large scales.  However, to avoid superparasitism, late 
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arrivals may be forced to oviposit into smaller scales.  High parasitoid density may also explain 
the poor correlation between scale size and the number of parasitoids they contain.  
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Chapter 8: Changes in soil microbial 
communities after additions of sugar 
and nitrogenous fertiliser 
 
8.1. Introduction 
Next generation sequencing (NGS), also known as massively parallel or deep sequencing, is a 
range of different DNA sequencing technologies, each of which generates sequence data for 
millions of small fragments of DNA in parallel; these fragments are then subjected to 
bioinformatic analyses that allow them to be joined (Behjati & Tarpey 2013).  This technology 
has permitted the fast and efficient sequencing of whole genomes, and the National Center for 
Biotechnology Information (ftp://ftp.ncbi.nlm.nih.gov/genomes) lists the genomes of 5,413 
eukaryotes, 134,749 prokaryotes, 14,054 viruses, 11946 plasmids and 11,504 organelles.  NGS 
has also permitted microbiome analysis, the genetic analysis of microbial communities from a 
diverse range of habitats such as those found in soils, fresh and salt water environments and 
biological samples such as faeces (Hamady et al. 2008, Pinto & Raskin 2012, Sogin et al. 2006).   
For the analysis of bacterial microbiomes, the gene encoding the 16S rRNA is often used.  The 
use of this sequence was pioneered by Carl Woese and, using this sequence, he first proposed 
a three kingdom (Bacteria, Archaea, and Eukaryotes) classification (Woese & Fox 1977); 
subsequently, this technique was used to divide the Bacteria into 12 different phyla or divisions 
(Woese 1987).  16S rRNA gene-based sequencing and analysis has subsequently been 
developed as a tool for direct identification of microbial populations in environmental samples 
(Lane et al. 1985) that use one of a number of phylogenetic databases: SILVA (Yilmaz et al. 
2014), RDP (Wang 2007), Greengenes (McDonald 2012) or NCBI (Federhen 2012).  The 
molecular identification of fungi was facilitated through the publication of a seminal paper by 
White et al. (1990) who proposed the use of the 28S, 18S the internal transcribed spacer (ITS) 
regions for this purpose.  The ITS region has since been designated as the formal barcode for 
fungi (Schoch et al. 2012).  This region contains two highly variable spacers (ITS1 and ITS2) 
that are separated by the conserved 5.8S rRNA gene (Hillis & Dixon 1991).   
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As described in Ch 7, carbon additions, including amendments with sugar, stimulate the 
activity of soil bacteria and fungi thereby immobilising plant-available soil nutrients (Schmidt 
et al. 1997; Török et al. 2000).  Studies (Wang et al. 2015, Zeng et al. 2016, Zhou et al. 2017) 
have also shown that additions of nitrogen (N) can cause bacterial 16S rDNA copy numbers to 
decline and bacterial α-diversity to reduce.  In Chapter 7, the use of sugar and N was 
successfully trialled to, respectively, reduce and increase tree N levels.  Therefore, this chapter 
explores the use of NGS to determine the effects of sugar and N on both bacterial and fungal 
diversity in the soils under the Valencia orange trees in the field trial at Kulnura using the 16S 
rRNA gene and ITS regions. 
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8.2. Methods 
8.2.1. Experimental plot and soil collection 
Initially, 48 soil samples were collected from the orange block at Kulnura: four replicate 
samples from each of four plots for each of the two treatments (fertiliser or sugar added) and 
the control (no additives). Sterile 2 mL collection tubes were filled with soil collected beneath 
the tree canopy from 100 mm below the surface using single-use plastic spoons; samples were 
taken from the sides of freshly dug holes.  Samples were temporarily kept on ice, and 
transferred to -80°C for long term storage as soon as practicable.  One of the four replicate 
samples from plot G2 was misplaced; replacements for each of the four G2 replicates were 
collected 6 weeks later and stored in the same way. 
DNA was extracted from ~250 mg of soil from each of the 51 samples, using PowerSoil kit 
(Qiagen) following the manufacturer’s instructions, except that DNA was eluted in 100 L of 
nuclease-free water. A negative control for the Powersoil protocol was prepared in the same 
manner and at the same time (C1), and an aliquot of the elution water was taken as a second 
negative control (C2). DNA quality and yield was assessed by Nanodrop spectrophotometry, 
Qubit 2.0 Fluorometry and gel electrophoresis, and all DNA samples were subject to a test 
amplification using general eubacterial 16S rRNA gene primers (63F 
(CAGGCCTAACACATGCAAGTC) and 1227R (CCATTGTAGCACGTGT) (Marchesi et al. 
1998; O'Neill et al. 1992) to ensure inhibitors were not present in the samples at levels that 
would interfere with PCR.  The thermocycling conditions for the PCR were as follows: 94 °C 
for 5 min (1 cycle); 94 °C for 30 s, 55 °C for 30s, 72 °C for 1 min (35 cycles); 72 °C for 10 
min.  DNA extracts and negative controls were submitted to the HIE Next Generation 
Sequencing Facility (Hawkesbury Institute for the Environment, Western Sydney University) 
for both bacterial 16S rRNA gene and fungal ITS amplification, library preparation and MiSeq 
sequencing.  The 16S rRNA gene was amplified using primers 341F (5’ 
CCTACGGGNGGCWGCAG) and 805R (5’ GACTACHVGGGTATCTAATCC), which 
cover the V3-V4 region of the 16S rRNA gene and produce a fragment of approximately 464 
bp. Fungal ITS amplicons were generated using FITS7 (5' GTGARTCATCGAATCTTTG) and 
ITS4 (5' TCCTCCGCTTATTGATATGC) and are usually approximately 300 bp in length.  
Libraries for both bacterial and fungal amplicons were prepared using the Nextera XT kit 
(Illumina) with 7 ng of input DNA.  For 16S rRNA amplicons, 2 × 301 bp paired end 
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sequencing was run on a 384-multiplexed Illumina MiSeq lane. For fungal ITS, 2 × 281 bp 
paired end sequencing was run on a separate, 384-multiplexed Illumina MiSeq lane. 
 
8.2.2. Analysis of 16S rRNA amplicon sequencing using QIIME2 
Raw sequencing reads (fastq format) from a random subset of 6 of the 51 16S rRNA amplicon 
libraries were examined using FastQC v0.11.4 (http://www.bioinformatics.babraham.ac.uk/ 
projects/fastqc). Paired read files from each library and the associated metadata were imported 
into a gza artifact, as per the qiime-2 protocol. Sequences were trimmed, denoised and 
dereplicated, and chimeric sequences were identified and filtered using dada2, implemented in 
QIIME2 (https://qiime2.org).  During this process, the forward and reverse primer sequences 
(17 bp and 21 bp respectively) were trimmed (--p-trim-left-f 17 --p-trim-left-r 21) and the 
truncation length parameters set to 290 bp and 210 bp (--p-trunc-len-f 290 --p-trunc-len-r 210). 
These were chosen as the most appropriate length to trim the lower quality 3’ ends of the reads, 
while still retaining sufficient length to merge the paired reads with 20 bp of overlapping 
sequence.  Following feature (OTU) picking and chimera removal, Control 1 had no sequences, 
and only four features (40 sequences) were detected in Control 2 (C2=JM53); these were 
subsequently filtered from the dataset.  The sequence features (contained within the dada2 ‘–
o-representative-sequences’ output) were aligned using mafft, and an unrooted phylogenetic 
tree generated using fasttree with default parameters. 
 
8.2.3. Analysis of fungal ITS amplicon sequencing using QIIME2 
ITS libraries were processed in a similar way to the 16S rRNA libraries in qiime2.  Primer 
sequence lengths were 19 bp and 20 bp, and the R1 reads were not truncated for length because 
the paired reads were 2 × 281 bp, and of acceptable quality at the 3’ ends (--p-trim-left-f 19 --
p-trim-left-r 20 --p-trunc-len-f 0 --p-trunc-len-r 210).  The controls had read counts of 37 and 
197 across 21 features, including 16 of the 43 most abundant features with total read counts 
from 38,113 to 664,114 (19–68% of reads in each library) in the entire dataset.  Hence, the 
features were present as contaminants at very low abundance in the blanks, but were in many 
cases dominant features in the soil samples, so the two blank libraries were removed before 
analysis, but the features were not removed. 
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8.2.4. Analysis of alpha and beta diversity 
For both bacterial and fungal datasets, rarefaction curves were generated using QIIME2 based 
on data relating to OTU number and Shannon’s Index. The lowest read count of any library 
was chosen as the level to which all libraries were rarefied (7,471 for the 16S rRNA amplicon 
libraries; 41,958 for the ITS amplicon libraries) and diversity measurements were performed 
on these rarefied datasets. Alpha diversity metrics were implemented in QIIME2 and included 
observed OTUs, Shannon’s index and Pielou’s Evenness index.  ANOVA and Kruskal-
Wallace ANOVA (KWA) was used to determine differences between indices of alpha diversity 
and for numbers of reads within taxa among the three treatment groups was performed using 
Systat (v13, Systat Software Inc) or Minitab 18 (Minitab Inc.) with differences between 
treatments determined using the Fisher’s LSD tests or Dwass-Steel-Crichlow-Fligner (DSCF) 
tests.  Beta diversity was analysed using Bray-Curtis similarities (assessing presence/absence 
and abundance of OTUs) and the phylogenetic distance-based measurement, UniFrac: 
implementing weighted (utilizing OTU abundance data) and unweighted UniFrac, 
(presence/absence without abundance).  Principal coordinate analyses were performed using 
the vegan package (Oksanen et al. 2017) from within the R environment.  
 
8.3. Results 
 
8.3.1. Rarefaction 
The rarefaction curves for both the bacterial and fungal amplicons approached asymptotes and 
the Shannon's diversity index curves reached plateaus at sequencing depths of 2,000 and 
10,000, reads respectively, (Fig. 8.1) indicating that the sequencing depths (7,471 for the 16S 
rRNA amplicon libraries; 41,958 for the ITS amplicon libraries) were sufficiently deep to 
capture the microbial and fungal diversities. 
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Figure 8.1.  Rarefaction curves (A & C) and Shannon's diversity curves (B & D) of 16S rRNA 
gene sequences (A & B) from the analysis of soil bacteria and from the ITS sequences (C & 
D) from the analysis of soil fungi of control and sugar- and fertiliser-treated Valencia orange 
trees.  Curves were calculated based on operational taxonomic units (OTUs) at 99% similarity. 
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8.3.2. Alpha diversity 
Measures of alpha diversity derived from the rarefied data sets are presented in Table 8.1 and 
Figures 8.2, 8.3 and 8.4.  For the bacterial data, the soil given the fertiliser contained 
significantly (F = 4.47, P = 0.017) fewer OTUs a lower Shannon’s Index (F = 5.21; P = 0.009) 
and a lower (F = 5.28, P = 0.008) Pielou’s Evenness Index than the control treatments.  There 
was also a trend for a smaller number of OTUs and for Shannon’s Index to be lower in the 
sugar treatment compared to the control; however, LSD test did not separate the means.  There 
was no difference in Pielou’s Index between the control and sugar treatments.  
The fungal data showed less difference among the treatments with ANOVA not detecting any 
differences in the indices of alpha diversity (OTUs - F = 0.30, P = 0.74; Shannon – F = 1.90, 
P = 0.16; Pielou - F = 2.37, P = 0.104) among the treatments.  However, there was a trend for 
all indices of alpha diversity to be lower in the fertiliser treatment than the control. 
 
Table 8.1.  Mean numbers of OTUs, Shannon’s Index, and Pielou’s Evenness Index for the 
bacterial and fungal data set obtained from soil from beneath Valencia orange trees at Kulnura.  
Means followed by the same letter are not significantly different from each other according to 
Fisher’s LSD tests at P = 0.05. 
 
  OTUs Shannon’s Index Pielou’s Index 
  Mean s.e. Mean s.e. Mean s.e. 
Bacterial Nitrogen 3-monthly 482.38B 24.90 7.89B 0.10 0.888B 0.006 
 Sugar 3-monthly 589.70A 41.93 8.36AB 0.12 0.914A 0.004 
 Control 662.37A 52.58 8.43A 0.14 0.906A 0.006 
Fungal Nitrogen 3-monthly 393.06 25.90 5.38 0.22 0.626 0.021 
 Sugar 3-monthly 370.21 22.78 5.88 0.21 0.676 0.020 
 Control 372.83 25.30 5.89 0.16 0.676 0.015 
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Figure 8.2.  Boxplots showing the differences in (A) bacterial and (B) fungal species richness 
in the soils beneath the Valencia orange trees given three-monthly applications of sugar or 
fertilizer.  The boundary of the box closest to zero indicates the 25th percentile, the line within 
the box is the median, and the boundary of the box farthest from zero indicates the 75th 
percentile.  Whiskers above and below the box indicate the 90th and 10th percentiles and the 
small circles indicate outlying points.  
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Figure 8.3.  Boxplots showing the differences in Shannon’s index for (A) bacterial and (B) 
fungal species in the soils beneath the Valencia orange trees given three-monthly applications 
of sugar or fertilizer.  The boundary of the box closest to zero indicates the 25th percentile, the 
line within the box is the median, and the boundary of the box farthest from zero indicates the 
75th percentile.  Whiskers above and below the box indicate the 90th and 10th percentiles and 
the small circles indicate outlying points.  
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Figure 8.4.  Boxplots showing the differences in Pielou’s Evenness index for (A) bacterial and 
(B) fungal species in the soils beneath the Valencia orange trees given three-monthly 
applications of sugar or fertilizer.  The boundary of the box closest to zero indicates the 25th 
percentile, the line within the box is the median, and the boundary of the box farthest from zero 
indicates the 75th percentile.  Whiskers above and below the box indicate the 90th and 10th 
percentiles and the small circles indicate outlying points.  
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8.3.3. Beta diversity 
Measures of similarity/dissimilarity were visualised using principal coordinates analysis 
(PCoA).  For the bacterial data, the first two principal components (PC1 & PC2) of all three 
measures clearly separated the communities in the soils given the fertiliser treatment from those 
in the other two treatments (Fig. 8.5).  These first two components derived from Bray-Curtis 
dissimilarity and unweighted Unifrac distances also separated the control and sugar treatments 
(Fig. 8.5); however, this difference was more clearly shown through examination of PC3 (Fig. 
8.6).   
For the fungal data, based on PC1 and PC2, the clearest separation was that of the communities 
in the soils given the sugar treatment from those in the soils subjected to the other two 
treatments (Fig. 8.7).  However, the communities in the soils given the other two treatments 
also separated from each other with components PC1 and PC2. 
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Figure 8.5. Variation in soil bacterial community assemblages observed in this study.  PCoA 
plots of (A) Bray-Curtis dissimilarity, and (B) Unifrac (unweighted) and (C) Unifrac 
(weighted) distances calculated based on relative bacterial OTU abundance in rhizosphere 
soils.  The ellipses encompass one standard deviation from the centroid.  
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Figure 8.6.  Variation in soil bacterial community assemblages observed in this study based 
on (A) PC1 vs PC3 and (B) PC2 vs PC3.  PCO plots of Unifrac (unweighted) distances 
calculated based on relative bacterial OTU abundance in rhizosphere soils.  The ellipses 
encompass one standard deviation from the centroid. 
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Figure 8.7.  Variation in soil fungal community assemblages observed in this study.  PCO plot 
of Bray-Curtis dissimilarity based on relative fungal OTU abundance in rhizosphere soils.  The 
ellipses encompass one standard deviation from the centroid.  
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8.3.4. Taxonomic diversity 
The sequencing data showed the presence of organisms from four kingdoms in the soils from 
the orchard at Kulnura: Eubacteria, Archaea, Chromista and Fungi.  Variation within these 
kingdoms is described below. 
 
8.3.4.1. Archaea and Chromista 
NGS detected the presence of six taxa from two phyla from within the Archaea (Table 8.2).  
However, the number of sequencing reads for all taxa was small.  Of these six taxa, Kruskal-
Wallis ANOVA showed that the number of sequencing reads only differed significantly (H = 
9.369; P = 0.009) among the communities from the three treatments for an unidentified member 
of the order, NRP-J.  Among the treatments, the levels of this bacterium were only different 
between the control and N treatment (Table 8.3). 
Sequences from a single taxon from a member of the Chromista were detected.  This was from 
an unidentified member of the infrakingdom Rhizaria, phylum Cercozoa.  Again, there were 
few sequence reads from the samples and there were no significant differences among the 
treatments. 
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Table 8.2.  Taxa within the Archaea found in the soils beneath Valencia orange trees at Kulnura. 
 
Phylum Class Order Family Genus Species 
Crenarchaeota Unidentified     
Crenarchaeota MBGA NRP-J Unidentified   
Crenarchaeota Thaumarchaeota Nitrososphaerales Nitrososphaeraceae "Candidatus Nitrososphaera" SCA1170 
Euryarchaeota Thermoplasmata E2 Unidentified   
Euryarchaeota Thermoplasmata E3 TMEG   
Euryarchaeota Thermoplasmata E4 Methanomassiliicoccaceae   
 
 
Table 8.3.  Differences in the numbers of sequences obtained from an unidentified member of the order NRP-J from extracts of soils from beneath 
Valencia orange trees subjected to three different treatments. 
 
Treatment N of Cases Minimum Maximum Mean s.e. 
Control 19 0 18 1.368 1.015 
Nitrogen three-monthly 16 0 31 8.188 2.584 
Sugar three-monthly 16 0 14 1.688 1.156 
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8.3.4.2. Eubacteria 
NGS detected eubacteria from 38 phyla or candidate phyla (Fig. 8.8).  Of these 38 phyla, 80% 
of the variation in sequence reads was due to six phyla and 90% by nine phyla.  ANOVA also 
detected significant treatment differences for 16 of these phyla (Table 8.4).  Between the 
treatments, most differences occurred between fertilizer treatment and the control (Table 8.5) 
with all phyla having fewer reads than the control.  Nine phyla also had lower numbers of reads 
in the sugar treatment than the control.  No effect of blocks was present in the data. 
At the class level, sequencing detected members of 142 families of bacteria (Fig. 8.9).  The 
Alpha, Beta and Gamma Proteobacteria comprised three of the top four most frequent classes, 
and 80% and 90% of the variation in sequence reads was due to 17 and 23 classes of bacteria, 
respectively.  Due to the complexity of the data, differences at this level were only examined 
for the Proteobacteria.  Despite no significant difference being detected at the phylum level, 
among the five classes of Proteobacteria detected, differences were found for four of them 
(Table 8.6); the candidatus phylum, TA18, produced few sequence reads.  The 
Alphaproeobacteria were the most abundant class and, within this class, numbers of sequence 
reads were significantly lower in the two treatments compared to the control.  The 
Gammaproteobateria were the second most abundant with numbers only being significantly 
different from the control for the sugar treatment.  For both the Beta- and Deltaproteobateia, 
significantly fewer numbers were found in the fertiliser treatment only compared to the control. 
Differences among blocks were not detected for any of the classes. 
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Figure 8.8.  Bar graph showing relative abundances of sequence reads obtained using NGS of 
bacterial phyla detected in the communities beneath Valencia orange trees given three different 
soil amendments.  The letters and numbers under the graph indicate the block from which the 
samples were taken. 
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Table 8.4.  Means, standard errors, minima and maxima of sequence reads of bacterial phyla obtained using NGS from bacterial communities 
beneath Valencia orange trees given three different soil amendments.  Statistical inference was determined using ANOVA for homoscedastic data 
with means separated using Fisher’s LSD tests and Kruskal-Wallace ANOVA for heteroscedastic data with between treatments determined using 
Dwass-Steel-Crichlow-Fligner tests; both tests were conducted at P = 0.05.  Data where significant differences were determined are given in red. 
Abbreviations: A & B = homologous groups given by Fisher’s test; N = number of replicates per treatment; CN difference between control and 
fertilizer treatment; CS difference between control and sugar treatment; NS = difference between N and sugar treatment; nd = no difference among 
the treatments; H = Kruskal-Wallace chi square statistic.  Phyla name are taken from the Greengenes database (MacDonald et al. 2012). 
 
Phylum Treat-
ment 
N Min Max Mea
n 
s.e. Differences 
among 
treatments 
 Phylum Treat-
ment 
N Min Max Mean s.e. Differences 
among 
treatments 
Acidobacteria Control 19 2177 10419 5350 511 A  AD3 Control 19 129 7011 1640 385 nd 
F = 4.90 Nitrogen 16 1505 5890 4047 339 B  F = 2.31 Nitrogen 16 404 5939 2648 424  
P = 0.012 Sugar 16 1218 5905 3578 352 B  P = 0.111 Sugar 16 20 5419 1533 382  
                 
Actinobacteria Control 19 1648 7839 4405 390 A  Armatimonadetes Control 19 0 134 52 8 A 
F = 7.15 Nitrogen 16 2595 7220 4658 395 A  F = 6.82 Nitrogen 16 0 98 25 7 B 
P = 0.002 Sugar 16 491 5343 2829 274 B  P = 0.002 Sugar 16 0 153 70 10 A 
                 
Bacteroidetes Control 19 144 2276 888 122 nd  BHI80-139 Control 19 0 4 0 0 nd 
F = 0.70 Nitrogen 16 100 2467 710 134   F = 1.82 Nitrogen 16 0 0 0 0  
P = 0.502 Sugar 16 289 1424 744 77   P = 0.174 Sugar 16 0 14 1 1  
                 
BRC1 Control 19 0 18 1 1 nd  Chlamydiae Control 18 5 191 68 12 A 
F = 0.94 Nitrogen 16 0 2 0 0   F = 4.73 Nitrogen 16 0 90 34 8 B 
P = 0.399 Sugar 16 0 11 2 1   P = 0.013 Sugar 16 21 181 83 12 A 
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Chlorobi Control 19 0 61 15 4 nd  Chloroflexi Control 18 704 3427 1957 168 A 
F = 0.22 Nitrogen 16 0 73 17 5   F = 2.43 Nitrogen 16 982 3809 2030 185 AB 
P = 0.803 Sugar 16 0 35 13 3   P = 0.099 Sugar 16 143 2958 1448 167 B 
                 
Cyanobacteria Control 19 21 2743 730 231 CS  Deinococcus–Thermus Control 19 0 7 1 1 nd 
F = 8.363 Nitrogen 16 61 2762 1005 214   F = 1.30 Nitrogen 16 0 3 0 0  
P < 0.001 Sugar 16 7 689 165 55   P = 0.282 Sugar 16 0 0 0 0  
                 
Elusimicrobia Control 19 0 115 42 8 CN, CS, NS  FBP Control 19 0 17 5 1 nd 
H = 14.274 Nitrogen 16 0 27 7 2   F = 0.629 Nitrogen 16 0 15 3 1  
P = 0.001 Sugar 16 0 77 26 6   P = 0.747 Sugar 16 0 26 5 2  
                 
FCPU426 Control 19 0 8 1 1 CN  Fibrobacteres Control 19 0 107 13 6 nd 
H = 7.253 Nitrogen 16 0 0 0 0   F = 1.91 Nitrogen 16 0 19 3 2  
P = 0.027 Sugar 15 0 16 3 1   P = 0.160 Sugar 16 0 49 12 4  
                 
Firmicutes Control 19 36 527 202 31 A  GAL15 Control 19 0 268 43 15 NS 
F = 4.98 Nitrogen 15 68 653 240 38 A  F = 0.45 Nitrogen 16 0 245 54 17  
P = 0.011 Sugar 16 20 271 107 18 B  P = 0.643 Sugar 16 0 124 34 10  
                 
GN02 Control 19 0 8 1 1 nd  Gemmati-monadetes Control 19 209 3555 1712 236 CN, CS 
F = 1.99 Nitrogen 15 0 53 4 4   F = 4.065 Nitrogen 16 177 2156 869 137  
P = 0.148 Sugar 16 0 47 13 4   P = 0.023 Sugar 16 206 2006 921 140  
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MVP-21 Control 19 0 60 9 4 nd  Nitrospirae Control 19 41 2085 806 149 CN, CS 
F = 0.41 Nitrogen 16 0 35 5 2   F = 4.426 Nitrogen 16 8 834 273 65  
P = 0.668 Sugar 16 0 34 6 3   P = 0.017 Sugar 16 22 1555 449 101  
                 
OD1 Control 19 6 247 79 15 CN  OP11 Control 19 0 41 8 2 CN 
F = 14.021 Nitrogen 16 3 234 51 16   H = 14.074 Nitrogen 16 0 12 2 1  
P < 0.001 Sugar 15 59 317 164 23   P = 0.001 Sugar 15 0 38 16 3  
                 
OP3 Control 19 0 20 4 1 nd  Planctomycetes Control 19 362 2978 1317 166 nd 
F = 1.88 Nitrogen 16 0 4 0 0   F = 1.62 Nitrogen 16 308 2007 979 120  
P = 0.164 Sugar 16 0 22 2 1   P = 0.209 Sugar 16 397 2299 1076 114  
                 
Proteobacteria Control 19 3732 14118 9686 698 nd  Spirochaetes Control 19 0 34 7 2 CN 
F = 3.31 Nitrogen 16 4772 20255 8477 1007   H = 8.699 Nitrogen 16 0 11 1 1  
P = 0.045 Sugar 16 2652 11553 7597 604   P = 0.013 Sugar 15 0 29 10 2  
                 
TM6 Control 19 0 124 31 7 nd  TM7 Control 19 109 1894 506 93 nd 
F = 2.15 Nitrogen 16 0 66 15 4   F = 2.89 Nitrogen 16 80 1138 414 66  
P = 0.128 Sugar 16 0 68 22 5   P = 0.066  Sugar 16 30 493 273 32  
                 
Tenericutes Control 19 0 8 1 0 nd  Verrucomicrobia Control 19 580 5309 2019 280 A 
F = 1.74 Nitrogen 16 0 20 2 1   F = 6.69 Nitrogen 16 76 2434 930 164 B 
P = 0.187  Sugar 16 0 2 0 0   P = 0.003 Sugar 16 546 2818 1282 159 B 
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WPS-2 Control 18 0 146 43 11 nd  WS2 Control 19 0 7 1 1 nd 
F = 1.22 Nitrogen 16 4 344 97 23   F = 1.90 Nitrogen 16 0 0 0 0  
P = 0.304 Sugar 16 0 216 45 17   P = 0.160 Sugar 16 0 4 0 0  
                 
WS3 Control 19 0 577 177 35   WS6 Control 19 0 14 1 1 CN 
F = 2.84 Nitrogen 16 0 467 59 29   H = 18.445 Nitrogen 16 0 0 0 0  
P = 0.068 Sugar 15 0 385 124 33   P = 0.000 Sugar 16 0 45 10 4  
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Table 8.5.  Phyla of eubacteria for which significant differences exist between treatments based 
on Kruskal-Wallace ANOVA and DSCF tests.  
 
 
Control vs. Nitrogen Control vs. Sugar 
Acidobacteria Acidobacteria 
 Actinobacteria 
Armatimonadetes  
Chlamydiae  
 Cyanobacteria 
Elusimicrobia Elusimicrobia 
FCPU426  
 Firmicutes 
Gemmatimonadetes Gemmatimonadetes 
Nitrospirae Nitrospirae 
OD1 OD1 
OP11  
Spirochaetes  
Verrucomicrobia Verrucomicrobia 
WS6  
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Table 8.6. Classes within the Proteobacteria for which significant differences exist between 
treatments based on ANOVA and Fisher’s LSD tests at P = 0.05.  Abbreviations: N = number 
of replicates per treatment. 
 
Class Treatment N Min Max Mean s.e. Differences among treatments 
Alphaproteobacteria Control 19 1680 7776 4644 1625 A 
F = 4.19 Nitrogen 16 2232 5891 3509 1031 B 
P = 0.021  Sugar 16 1213 5834 3546 1208 B 
        
Betaproteobacteria Control 19 671 3565 2072 808 A 
F = 3.83 Nitrogen 16 468 2859 1400 654 B 
P = 0.029 Sugar 16 835 4551 2152 1055 A 
        
Gammaproteobacteria Control 19 685 5521 2245 1309 A 
F = 10.35 Nitrogen 15 1169 7139 2816 1817 A 
P < 0.001 Sugar 16 442 2020 1146 419 B 
        
Deltaproteobacteria Control 19 146 1396 715 389 A 
F = 20.17 Nitrogen 16 44 523 230 145 B 
P < 0.001 Sugar 16 162 1429 740 331 A 
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Figure 8.9.  Bar graph showing relative abundances of sequence reads obtained using NGS of 
bacterial classes in the bacterial communities from beneath Valencia orange trees given three 
different soil amendments.  The letters and numbers under the graph indicate the block the 
samples were taken from.  The legend shows the 23 most prominent families only. 
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8.3.4.3. Fungi 
NGS detected sequence reads from seven phyla and a substantial number of fungi that could 
not be assigned to a phylum.  The Ascomycotina were by far the most abundant and accounted 
for ~75% of all reads (Fig. 8.10).  Surprisingly, the second most abundant group of fungi were 
those that could not be assigned to a phylum; this was followed by members of the 
Basidiomycotina that produced between 10–20% of reads.  Other than the Mortierellomycota, 
the other phyla produced comparatively few sequence reads.  At the phylum level, significant 
differences were found for the Basidiomycotina and Mortierellomycota only (Table 8.7).  For 
the Basidiomycotina, the sugar treatment resulted in fewer sequence reads, whereas for the 
Mortierellomycota both the sugar and fertiliser treatments gave fewer sequence reads.  Again, 
no differences were detected among blocks. 
Among the fungi, sequence reads could be assigned to 18 different classes (Fig. 8.11) plus a 
number of fungi that could be placed in either the Basidiomycotina or Ascomycotina but not 
at the class level.  The most prevalent class was the Sordariomycetes, with the fertiliser 
treatment having more reads than the control and the sugar treatment fewer reads (F = 8.55; P 
< 0.001).  Two other classes showed significant differences among treatments.  Firstly, the 
Tremellomycetes (F = 6.79; P = 0.003) had fewer reads in the sugar treatment than the other 
two treatments.  Secondly, for the Mortierellomycetes (F = 7.74; P = 0.001), both the sugar 
and fertiliser treatments had fewer sequence reads than the control.  In addition, the unidentified 
members of the Ascomycotina that could not be placed into a class showed differences among 
the treatments (F = 17.37; P < 0.001) with the sugar treatment having significantly more reads 
than the fertiliser or control. 
The relative simplicity of the fungal compared to the bacterial data allowed differences between 
treatments for individual taxa to be determined; these are presented in Table 8.8.  Most 
differences occurred between the control and sugar treatment with the abundance of six taxa 
raised by sugar and ten reduced.  The fertiliser treatment increased the abundance of four taxa 
and reduced two. 
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Figure 8.10.  Bar graph showing relative abundances sequence reads obtained using NGS of 
fungal and chromistan phyla detected in the microbial communities beneath Valencia orange 
trees given three different soil amendments.  The letters and numbers under the graph indicate 
the block from which the samples were taken.   
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Figure 8.11.  Bar graph showing relative abundances sequence reads obtained using NGS of 
fungal and chromistan families detected in the microbial communities beneath Valencia orange 
trees give three different soil amendments.  The letters and numbers under the graph indicate 
the block from which the samples were taken.   
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Table 8.7.  Means, standard errors, minima and maxima of sequence reads of fungal phyla and subphyla obtained using NGS from communities 
from beneath Valencia orange trees give three different soil amendments.  Statistical inference was determined using ANOVA for homoscedastic 
data with means separated using Fisher’s LSD tests and Kruskal-Wallace ANOVA for heteroscedastic data with between treatments determined 
using Dwass-Steel-Crichlow-Fligner tests; both tests were conducted at P = 0.05.  Data where significant differences were determined are given 
in red. Abbreviations: A & B = homologous groups given by Fisher’s test; N = number of replicates per treatment; CN difference between control 
and fertilizer treatment; CS difference between control and sugar treatment; NS = difference between fertiliser and sugar treatment; nd = no 
difference among the treatments; H = Kruskal-Wallace chi square statistic. 
 
 
Phylum Treatment N Min Max Mean s.e. Differences among treatments 
Basidiomycotina Sugar three-monthly 16 1,020 4,140 2,574 239 B 
F = 4.77 Control 19 1,829 13,359 4,406 622 A 
P = 0.013 Nitrogen three-monthly 16 1,443 7,981 3,915 379 A 
Ascomycotina Sugar three-monthly 15 20,088 40,050 33,367 1227 nd 
F = 0.63 Control 19 18,472 37,224 30,216 992  
P = 0.536 Nitrogen three-monthly 16 23,040 36,117 31,080 920  
Glomeromycota Sugar three-monthly 16 0 496 59 31 nd 
F = 0.36 Control 19 0 444 92 29  
P = 0.700 Nitrogen three-monthly 16 0 374 73 23  
Mucoromycotina Sugar three-monthly 16 0 194 37 13 nd 
H = 1.57 Control 18 7 328 67 23  
P = 0.209 Nitrogen three-monthly 16 0 142 37 8  
Mortierellomycotina Sugar three-monthly 16 10 478 151 31 CN, CS 
H = 10.59 Control 18 57 3,443 1,005 249  
P = 0.005 Nitrogen three-monthly 16 20 1,675 351 118  
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Chytridiomycota Sugar three-monthly 15 0 12 1 1 nd 
F = 1.16 Control 19 0 12 1 1  
P = 0.323 Nitrogen three-monthly 16 0 0 0 0  
Olpidiomycotina Sugar three-monthly 16 0 7 1 0 nd 
F = 1.27 Control 19 0 0 0 0  
P = 0.291 Nitrogen three-monthly 16 0 1 0 0  
Phylum unidentified Sugar three-monthly 14 557 11,740 4,700 845 nd 
F = 0.23 Control 19 1,971 14,716 5,924 699  
P = 0.794 Nitrogen three-monthly 16 2,225 11,396 6,496 693  
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Table 8.8.  Means, standard errors, minima and maxima of sequence reads of bacterial phyla obtained using NGS from bacterial communities from beneath 
Valencia orange trees give three different soil amendments.  Statistical inference was determined using ANOVA for homoscedastic data with means separated 
using Fisher’s LSD tests and Kruskal-Wallace ANOVA for heteroscedastic data with between treatments determined using Dwass-Steel-Crichlow-Fligner tests; 
both tests were conducted at P = 0.05.  Data where significant differences were determined are given in red. Abbreviations: A & B = homologous groups given 
by Fisher’s test; N = number of replicates per treatment; CN difference between control and fertilizer treatment; CS difference between control and sugar 
treatment; NS = difference between fertiliser and sugar treatment; nd = no difference among the treatments; H = Kruskal-Wallace chi square statistic. 
 
 
Taxon Treat-
ment 
N Min Max Mean s.e. Differences 
among 
treatments 
Taxon Treat-
ment 
N Min Max Mean s.e. Differences 
among 
treatments 
Curvularia 
hawaiiensis 
C 19 0 4 0.263 0.933 B Pleosporales C 18 36 1,218 500 332 A 
F = 2.84 N 16 0 1 0.063 0.25 B F = 3.98 N 16 59 1,646 564 423 A 
P = 0.065  S 16 0 37 4.188 9.935 A P = 0.025  S 16 31 500 206 137 B 
                
Herpotrichiellaceae 
1 C 19 0 8 1.789 2.859 CS Exophiala sp. C 19 0 6 0.316 1.37 CS 
H = 6.648 N 16 0 10 1.687 2.96  H = 9.199 N 16 0 13 1.563 4.09  
P = 0.036  S 15 0 42 9.467 13  P = 0.010  S 14 0 21 5 7.58  
                
Exophiala attenuata C 19 42 2,629 635 606 CN, NS Herpotrichiellaceae 2 C 19 0 48 9 13 CS 
H = 16.678 N 16 0 1,028 291 323  H = 23.27 N 16 0 26 4.31 7.15  
P = 0.000  S 15 54 2,253 1,270 686  P = 0.000  S 16 1 154 49 41  
                
Oidiodendron sp. C 19 0 96 14 21 AB Sordariomycetes  C 19 1,169 8,308 2,320 1,654 A 
F = 3.49 N 16 3 73 25 23 A F =3.81 N 16 886 4,611 2,357 1,156 A 
P = 0.038 S 16 0 36 7 10 B P = 0.029  S 16 252 4,895 1,167 1,295 B 
                
 C 19 16 915 210 319 CN, CS Hypocreaceae C 19 204 11,175 2,539 2,681 CS, NS 
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Metarhizium sp. 
H = 15.069 N 13 36 738 233 168  H = 18.478 N 16 23 11,748 4,705 3,019  
P = 0.001  S 16 0 390 63 99  P = 0.000  S 16 22 3,883 762 1,012  
                
Fusarium sp. C 19 2,270 7,744 3,981 1,574 CS, NS F. oxysporum C 19 28 2,026 437 510 CS, NS 
F (12.72) N 16 734 7,893 4,235 2,213  H = 14.38 N 15 0 1,697 519 466  
P < 0.001  S 16 294 4,510 1,541 1,104  P = 0.001 S 16 19 631 130 155  
                
Fusarium solani C 19 0 33 7.474 9.512  Sordariales C 19 0 308 47 73 CS, NS 
H = 5.131 N 16 0 47 11.87 13.36 CS H = 6.905 N 16 2 413 101 119  
P = 0.077  S 16 0 22 3.063 5.882  P = 0.032 S 16 0 205 33 53  
                
Ceratobasidiaceae C 18 0 937 199 260 B Ceratobasidium sp. C 19 0 51 5.211 12 CN, CS 
F (5.79) N 16 7 1,059 339 282 A H = 4.111 N 16 0 3 0.313 0.873  
P = 0.006 S 16 0 514 63 1283 B P = 0.128  S 16 0 240 33 73  
                
Sporidiobolales C 19 0 39 4 10.7 CS, NS Tremellomycetes C 19 402 3,022 1,395 698 A 
H = 11.293 N 16 0 61 9.188 15.6  F =6.79 N 15 644 3,419 1,716 842 A 
P = 0.004  S 16 0 3 0.187 0.75  P = 0.003 S 16 193 1,952 877 494 B 
                
Mortierella sp. C 19 57 4,290 1,177 1,272 CN, CS         
H = 11.863 N 16 20 1,675 351 471          
P = 0.003  S 16 10 478 150 124          
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8.4. Discussion 
This part of my study has attempted to determine the effects of the fertiliser and sugar 
treatments described in Chapter 7 on soil biodiversity.  The study has shown the biological 
complexity of soil with approximately 580 OTUs identified from the bacterial sequencing and 
430 from the fungal sequencing.  The use of the universal 16S and ITS primers identified both 
bacterial and fungal taxa that cannot be placed at the phylum level or below; cultured isolates 
of these taxa may not be available.  For the bacterial sequences, this type of data has required 
the construction of candidate phyla (Youssef et al. 2015).  In 2003, only half of the 52 
identifiable major lineages within the domain, Bacteria, had cultivated representatives (Rappé 
& Giovannoni 2003).  The spectrum of bacteria found in this study is similar to those from 
other studies, and a review article by Janssen (2006) states that the dominant phyla in libraries 
are Proteobacteria, Acidobacteria, Actinobacteria, Verrucomicrobia, Bacteroidetes, 
Chloroflexi, Planctomycetes, Gemmatimonadetes, and Firmicutes with members of these nine 
phyla comprising an average of 92% of reads within soil libraries.  The relative abundance of 
the Alpha-, Beta-, Gamma- and Deltaproteobateria in my study also accord with those given in 
this review and with those reported by Zhou et al. (2017).  Janssen’s meta-analysis of thirty-
two soil 16S rRNA libraries (Janssen 2006) also lists the following phyla Chlamydiae, 
Chlorobi, Cyanobacteria, Thermi (Deinococcus-Thermus), Fibrobacteres, Nitrospirae, BRC1, 
NKB19, OP10, OP11, OS-K, SC3, SC4, termite group I, TM6, TM7, WS2, and WS3 as being 
present in his data sets; those given in red were found in this study.  The phyla, Proteobacteria, 
Actinobacteria and Firmicutes, are well represented by cultivated organisms, and these phyla 
together with the Cytophagales account for 90% of all cultivated bacteria characterised by 16S 
rRNA sequences (Zhang & Xu 2008).  However, some phyla found in this study, such as 
Acidobacteria and Verrucomicrobia, contain few cultivated representatives (Ludwig & Klenk 
2001; Zhang & Xu 2008).  Members of the candidate phylum, AD10, constituted the fourth 
largest group at the phylum level in my study.  This phylum did not appear in Janssen’s review 
but members of this phylum commonly occur in a range of edaphic environments including 
subarctic tundra soil (Kim et al. 2014), rhizosphere soils from southern Norway (Vik et al. 
2013) and cave soils from Northeast India (De Mandal et al. 2017).  Below are given brief 
description of the major bacterial phyla found in this study. 
The Proteobacteria are the largest and phenotypically most diverse phylogenetic lineage 
containing more than 460 genera and 1600 species within at least five main classes (Alpha-, 
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Beta-, Gamma-, Delta- and Epsilonproteobacteria) (Kersters et al. 2006).  They constitute more 
than 40% of published prokaryotic genera (Kersters et al. 2006) and nearly a half of the partial 
and complete prokaryotic genomes hosted at the National Center for Biotechnology 
Information (NCBI; ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/ 
prokaryotes.txt) are within the Proteobacteria (Itävaara et al. 2016).  They are Gram-negative, 
have extreme metabolic diversity, may be copiotrophic, and several representatives of the 
Alphaproteobacteria are ecologically important because they play key roles in the carbon, 
sulphur and N cycles and can use recalcitrant forms of carbon (Kersters et al. 2006; Fierer et 
al. 2007; Campbell et al. 2010).  In soils, the Proteobacteria are most abundant phylum with a 
large diversity of species (Janssen 2006; Spain et al. 2009). 
The Acidobacteria is presently divided into 26 subdivisions; however, most of these groups do 
not have representative isolates (Rappe & Giovannoni 2003; Barns et al. 2007; Cole et al. 2009; 
Davis et al. 2011.).  The phylum is ubiquitous (Barns et al., 1999; Cole et al., 2005) and 
common in soils (Chow et al. 2002; Lee et al. 2008).  The phylogenetic diversity of this phylum 
suggests that it is also metabolically diverse and the prevalence of this phylum means that its 
members play important ecological roles (Quaiser et al. 2003); members of the phylum are 
considered to be oligotrophic (Fierer et al. 2007; Davis et al. 2011). 
The Actinobacteria are Gram-positive bacteria, and the phylum contains at least 110 recognised 
genera (Stackebrandt & Schumann 2006).  They play important roles in agricultural and forest 
systems, as they decompose soil organic matter (Goodfellow & Williams 1983; McCarthy 
1987).  Actinobacteria from the genus Frankia are able to fix N and live symbiotically with 
angiosperms from 8 plant families and 25 genera, mostly woody shrubs or trees (Boonkerd 
1998; Ribeiro et al. 2011).  
The Chloroflexi, formerly known as Green non-sulfur bacteria, are mostly Gram-negative, 
filamentous bacteria (Hugenholtz & Stackebrandt 2004) with unusual cell envelopes (Sutcliffe 
2011) and are found in found in marine and terrestrial environments (Yamada & Sekiguchi 
2009; Hugenholtz et al. 1998).  The phylum is diverse and contains anoxygenic 
photoautotrophs, aerobic chemoheterotrophs, thermophilic organisms, and anaerobic 
organisms that obtain energy through the reductive dehalogenation of organic chlorinated 
compounds (Garrity et al. 2001; Hugenholtz & Stackebrandt 2004).  As such, members of this 
phylum are likely play significant roles in the environment and are commonly found in soils 
(Janssen 2006; Davis et al. 2010). 
262 
 
The phylum, Verrucomicrobia, was defined by Hedlund et al. (1997) as a result of 16S rRNA 
sequence analyses of isolated strains and uncultured representatives from terrestrial and aquatic 
habitats (Hugenholtz et al. 1998) and members of the phylum have also been found in the guts 
of sea cucumbers, termites and humans (Wagner & Horn 2006).  The Verrucomicrobia appear 
to be dominant in many soil bacterial communities across the globe (Buckley and Schmidt 
2001; Wagner and Horn 2006; Zhang & Xu 2008; Bergmann et al. 2011) and may be relatively 
abundant in subsurface horizons suggesting that they are oligotrophs (Buckley & Schmidt 
2001; da Rocha et al. 2009; Senechkin et al. 2010).	
Of the fungal sequence reads that could be assigned to a phylum, most occurred from members 
of the Ascomycotina and Basidiomycotina.  Surprisingly, the second most abundant group at 
the phylum level were those that could not be assigned.  The prominence of the Dikarya and a 
high percentage of reads that cannot be assigned to phylum is common in soils; however, the 
relative proportions of these groups can be quite variable.  For example, Paungfoo-Lonhienne 
et al. (2015) found similar proportions of Ascomycotina, Basidiomycotina and unclassified 
fungi in soils under a sugarcane crop in Queensland, Australia.  Buée et al. (2009) examined 
fungal biodiversity in six different forest soils in France and, of the sequence reads obtained, 
the majority (71%) belonged to unclassified fungi, 22% to Basidiomycota and 6% to 
Ascomycota.  Baptista et al. (2015) examined soils from 100-year-old, non-tilled, chestnut 
orchards from Northeast Portugal using 454 sequencing with sequence reads proportioned as 
follows: Ascomycota (49.9%), Basidiomycota (40.5%), Zygomycota (5.0%), Chytridiomycota 
(1.4%) and Glomeromycota.  As in the current study, the greatest number of Ascomycota OTUs 
belonged to Sordariomycetes (30% of Ascomycota), whereas Basidiomycota OTUs were 
dominated by Agaricomycetes (90% of Basidiomycota).  In their study of soil under long-term 
maize monoculture, Gałązka & Grządziel (2018) found that the majority of fungi could be 
placed into three phyla: Zygomycota, Basidiomycota, and Ascomycota; the Ascomycota was 
the dominant phylum and was identified in all the analysed soil samples.  Their six dominant 
fungal classes were the Dothideomycetes, Eurotiomycetes, Leotiomycetes, Pezizomycetes, 
Tremellomycetes, and Mortierellomycotina; in the current study, these classes all fall within 
the ten most abundant classes. 
The two treatments both reduced bacterial diversity with the fertiliser addition having the 
greatest effect.  This is reflected in the lower number of OTUs, reduced Shannon’s and Pielou’s 
Indices and the greater number of phyla for which relative abundance was reduced in the 
fertiliser amendment relative to the control.  The sugar amendment also affected the number of 
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OTUs and Shannon’s Index and, although fewer than the fertiliser amendment, there were a 
number of phyla with reduced sequence reads compared to the control.  The PCoA analysis 
clearly shows the magnitude of these two amendments on bacterial diversity. 
The effect of these two treatments on fungal diversity was less clear.  The N amendment 
reduced Shannon’s and Pielou’s Indices suggesting lower diversity; however, this was not seen 
in the data from the sugar treatment.  When differences in reads were examined at the phylum 
level, the sugar treatment had the greatest effect.  At the class level, the sugar amendment again 
had the greatest effect reducing sequence reads from the Sordariomycetes, Tremellomycetes 
and Mortierellomycetes but increasing the number of reads from unidentified members of the 
Ascomycotina.  The PCoA analyses suggests a bigger effect of sugar than fertiliser on the 
fungal biota. 
The effect of N additions on soil communities appears to have various effects.  Weand et al. 
(2010) studied a hardwood forest system in the Catskill Mountains, USA, where plots 
containing a variety of tree species had been amended with ammonium nitrate and found an 
overall increase in fungal biomass.  Compton et al. (2004) showed that long-term additions of 
ammonium nitrate to soils supporting a pine and hardwood forest had no discernible effect on 
direct microscopy estimates of fungal and bacterial biomass nor on counts of culturable fungi 
and bacteria, but strongly influenced microbial community DNA profiles.  However, most 
studies have found additions of nitrogen cause reductions in bacterial and fungal biomass and 
changes in microbial community profiles (e.g., Dighton et al. 2004; Frey et al. 2004; Leff et al. 
2005; Zhou et al. 2017).  In a meta-analysis of N-addition studies, Treseder (2008) found that 
increased N tends to decrease total microbial biomass, though the response of specific taxa 
(e.g., fungi or bacteria) varied.  Most of these studies relate to sites examining ecological 
systems or from those associated with grasslands or field crops; to my knowledge my study is 
the first to examine soil microbial communities in an orchard with respect to N additions. 
With respect to bacterial communities, Leff et al. (2005) report that N addition had little effect 
whereas most other studies, including mine, report significant differences in bacterial 
communities.  However, substantial differences among the different components of the 
communities occur within these studies.  Campbell et al. (2010) found that bacterial diversity 
was lower in long-term fertilised plots but that Alpha- and Gammaproteobacteria were more 
abundant.  Zhou et al. (2017) showed that N inputs significantly decreased 16S rDNA copy 
numbers and reduced Shannon diversity but that the abundance of the Actinobacteria, 
Verrucomicrobia Proteobacteria were increased.  However, within the latter phylum, the 
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abundance of the Alphaproteobacteria and Gammaproteobacteria was increased and that of the 
Deltaproteobacteria and Acidobacteria was reduced.  Zeng et al. (2016) found that N 
fertilisation had a negative impact on bacterial richness (no of OTUs) and diversity (Shannon 
Index) and that the abundances of the Acidobacteria, Alphaproteobacteria, Bacteroidetes, and 
Chloroflexi decreased following enrichment, while the Actinobacteria and Betaproteobacteria 
exhibited an opposite trend.  Ramirez et al. (2010) report increases in the Gammaproteobacteria 
and Actinobacteria with N inputs but reductions in Acidobacteria, Cyanobacteria, and 
Nitrospira.  Ramirez et al. (2012) examining 28 different soils in the laboratory found that N 
addition consistently altered bacterial community composition, increasing the relative 
abundance of Actinobacteria and Firmicutes, and decreasing the relative abundance of 
Acidobacteria and Verrucomicrobia.  Overall, these studies detailed above suggest N additions 
cause: (1) a reduction in bacterial richness and diversity, as found in my study; (2) a decrease 
in the abundance of the Acidiobacteria, also found in my study; and (3) a reduction in the 
Actinobacteria and Gammaproteobacteria—this was not found in my study. 
With respect to fungal communities, Dighton et al. (2004) showed that a small increase in N 
deposition along a transect through the New Jersey pine barrens was accompanied by a 
significant	 decline in ectomycorrhizal fungi richness.  Leff et al. (2015) examined soil 
microbial communities in 25 temperate-zone grassland sites in Africa, Australia, Europe, and 
North America and found that mycorrhizal fungi decreased in relation to nutrient additions.  
Egerton-Warburton et al. (2007) showed that N fertilisation reduced arbuscular mycorrhizal 
fungi productivity, species richness, and diversity.  In contrast to these reports, Paungfoo-
Lonhienne et al. (2015) studying sugarcane in Queensland, Australia, given high or low 
applications of N found the Chao1 metric, Simpson’s index or fungal taxon richness did not 
differ between these treatments.  However, clear differences were detected in the fungal 
community composition with high N increasing the abundance of Ascomycetes and unassigned 
fungi to increase but reducing the abundance of Basidiomycetes.  My study also found little 
difference in species richness or abundance but significant changes in structure with increases 
Basidiomycotina and Mortierellomycota.  
Soil microbes typically are limited by carbon within the soil and, if carbon-containing 
substrates are added to the soil, the microbial biomass increases until the substrate is depleted 
(Smith & Paul 1990); this may be accompanied by changes in community structure.  A number 
of studies have looked at the effect of additions of simple organic compounds on soil microbes 
in the laboratory.  Cleveland et al. (2007) amended tropical rain forest soil with dissolved 
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organic matter induced increases in Gammaproteobacteria and Firmicutes but a large decrease 
in Acidobacteria.  Goldfarb et al. (2011) performed a similar experiment using soil from the 
Harvard Forest Warming, Massachusetts using organic substrates of differing chemical 
recalcitrance.  Taxa whose abundance increased due to labile compounds (i.e., glycine, sucrose) 
predominantly occurred in two phyla, Proteobacteria and Actinobacteria with a concomitant 
decrease in Acidobateria.  On a larger scale, Nemergut et al. (2010) used plot-scale 
manipulations of organic matter inputs to soils to investigate shifts in microbial community 
composition in a lowland tropical rain forest soil; in these plots, litter was either removed, 
reduced or added.  The relative abundances of Actinobacteria, Alphaproteobacteria and 
Gammaproteobacteria were positively correlated with microbial biomass C and N, and soil N 
and C pools, while acidobacterial abundance was negatively correlated.  Fierer et al. (2007) 
conducted a study of 71 soil samples from ecosystems across North America and determined 
the relationships between soil properties and the relative abundances of six dominant bacterial 
phyla.  There was a negative correlation between Acidobacteria abundance and C 
mineralization rates and a positive correlation with the abundance of Betaproteobacteria and 
Bacteroidetes.  Fierer et al. (2007) also amended soil cores with sucrose and again found a 
negative relationship between C amendment and the abundance of Acidobacteria and a positive 
relationship for both Bacteroidetes and Betaproteobacteria.  From this data, they proposed the 
copiotroph–oligotroph concept of soil microorganisms.  Oligotrophs typically live in nutrient-
poor environments whereas copiotrophs are associated with richer environments.  Both can 
survive in nutritionally poor environments, but only oligotrophs persist when such conditions 
are prolonged and may not be able to persist for long periods in richer environments.  
Copiotrophs, on the other hand, can adapt to using a resource rapidly when available.  Thus, 
changes in carbon sources can cause changes in the relative abundances of these two categories 
of organism (Weber 1907, Poindexter 1979, 1981, Koch 2001).  In my study, the oligotrophic 
nature of the Acidobacteria is shown, as the abundance of this phylum was reduced by both the 
sugar and fertiliser additions.  However, a copiotrophic response, resulting in increases in in 
certain phyla, was not seen.  The reason for this is not clear and may be related to the magnitude 
of response to the treatments.  
A number of studies have examined the fate of carbon amendments in the soil.  Lundberg et al. 
(2001) using 13C NMR, determined that, in the humus from a podzol, additions of glucose were 
predominantly degraded by fungi rather than bacteria.  Kramer et al. (2012) and Müller et al. 
(2016) added plant litters to soils using shifts in stable carbon isotope values to follow carbon 
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resources into different soil carbon pools.  Both studies, found that fungi incorporated carbon 
to a greater extent than did total soil microbial biomass.  Denef et al. (2007) and Pausch et al. 
(2016) used 13CO2 pulse-labels to follow the fate rhizodeposit-C and determined that it is 
rapidly processed by fungal communities and only much later by bacteria.  The ability of fungi 
to preferentially metabolise carbon sources may explain the greater effect of the sugar treatment 
on the fungal than the bacterial community structure.  In my study, the abundance of members 
of the Basidiomycotina and Mortierellomycotina were reduced by the addition of sugar.  This 
contrasts with the findings of Hanson et al. (2008) that members of this phylum were increased 
by an amendment of sucrose, as were a number of unidentified fungi. 
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Chapter 9 General discussion 
 
 
The specific objectives of my research were to determine: 
 The identity of black scale species on citrus and olive in temperate Australia 
 The number of larval instars in the development of Saissetia oleae 
 Scutellista caerulea biotypes in Australia 
 Whether ectoparasitic feeding occurs by first instar larvae of 
Scutellista caerulea on non-gravid females of Saissetia oleae and 
Ceroplastes sinensis. 
 Relationships between scale size, fecundity of both Saissetia oleae 
and Ceroplastes sinensis on both citrus and olive. 
 Impacts of foliar N on the size and fecundity of Saissetia oleae and 
Ceroplastes sinensis females on both citrus and olive 
 Impacts of leaf N treatments on tree growth in 2015–17 
 Impact of foliar N on parasitism by Scutellista caerulea and 
Metaphycus varius. 
 The identity of Metaphycus varius 
 The presence of primary parasitoids of Saissetia oleae, Ceroplastes 
sinensis, and Ceroplastes destructor in Australia. 
 Relationship between rates of parasitism of Saissetia oleae and 
Ceroplastes sinensis by Metaphycus varius and Scutellista caerulea 
in relation to the size and fecundity of the hosts. 
 Impact of soil N on foliar N in 2017. 
 Impact of foliar N on the bacteria and fungi in soil in 2017 
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9.1. Key findings and their significance 
9.1.1. Historical records of Saissetia oleae and Scutellista caerulea 
During preparation of the literature review (Chapter 2) I found previously uncited 
references related to the occurrence of Saissetia oleae and Scutellista caerulea in Australia. 
Froggatt (1915) mentioned that black scale was introduced to Australia at a ‘very early 
date’.  Hely et al. (1982) noted that it had been present in New South Wales for a ‘very long 
time’ and that during the 1800s it was referred to as ‘black bug’ and ‘turtle scale’.  The earliest 
record appears to be in the ‘Report from the Select Committee on Diseases of Fruit Trees’, 
New South Wales Parliament, Legislative Assembly, Sydney: Thomas Richards, Government 
Printer, 1866 (Hely 1968). 
Through searches of online electronic copies of newspapers and magazines in Trove, I 
found mention in The Sydney Morning Herald on 20 March 1868 (Moore 1868) of black scale 
being in an orchard owned by a Mr Thomas Pye, a citrus grower at Rocky Hall near Parramata 
in outer Sydney.  I also found mention of it being present in orchards in Queensland in 1870 
(Anon. 1870). 
Formal publications also noted that Scutellista caerulea was introduced to Western 
Australia from South Africa via California in 1903 (Jenkins 1946, Wilson 1960, Waterhouse 
& Sands 2001), and that the origin of Scutellista caerulea attacking Saissetia oleae and species 
of wax scales (Ceroplastes) in New South Wales was uncertain (Hely 1968, Sands 1986, 
Waterhouse & Sand 2001).  Online searches through Trove revealed that a ‘strain’ of Scutellista 
caerulea associated with black scale was introduced from South Africa via California to 
Sydney (Anon. 1903), Australian Town and Country Journal 13 January 1904, shortly before 
it was introduced to Western Australia (Jenkins 1946, Wilson 1960, Waterhouse & Sands 
2001).  These records helped me interpret results of my studies reported in Chapter 3. 
 
9.1.2. Identification of black scale species on citrus and olive in 
temperate Australia 
In Chapter 3, I confirmed that black scale infestations on citrus and olives in temperate 
Australia were only related to Saissetia oleae.  Prior to my studies, Saissetia oleae was the only 
species of black scale recorded on fruit trees in Australia, but records from other countries 
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suggested that three other species of black scale, Saissetia privigna, Saissetia neglecta, and 
Saissetia miranda, could be present.  My morphological and molecular studies showed that 
Saissetia oleae is the only species of black scale occurring on citrus and olives in temperate 
regions of mainland Australia: New South Wales, Victoria, southern South Australia, and 
southern Western Australia.  Towards the completion of my studies, research reported at the 
49th Annual Conference of the Australia Entomology Society in Sebtember 2017 indicated that 
Saissetia miranda and Saissetia neglecta are present in the Northern Territory and Queensland 
(Lin 2017a), and that in southeast Queensland Saissetia miranda has been recorded once on 
Citrus reticulata in subtropical Mundubbera (25.5909°S, 151.2982°E, 139 m asl) (Paul Lin, 
National Chiayi University, Taiwan, pers. com., 3 May 2018).  The exact extent of this latter 
species and the hosts on which it feeds needs to be determined. 
 
9.1.3. The number of larval instars in the development of Saissetia 
oleae 
My objective in Chapter 4 was to determine the number of instars occurring in 
populations Saissetia oleae in Autralia.  Previous studies related to populations on citrus and 
olives recorded either two (Quayle 1911, Flanders 1942a, Ebeling 1959, Bodenheimer 1951, 
Avido & Harpaz 1969, Hely et al. 1982, Smith et al. 1997, Fichtner & Johnson 2017) or three 
(Argyriou 1963, Blumberg et al. 1975, Morillo 1977, Bartlett 1978, Podoler et al. 1979) instars.  
All slide mounted specimens I examined from citrus trees in Kulnura and olive trees in Galston 
indicated that the scale passes through three larval instars in southern Australia.  The 
morphology of the instars was similar to descriptions published by Argyriou (1963) and 
Morillo (1977).  Numbers of antennal segments were identical to those recorded by Argyriou 
(1963), and Morillo (1977), and the number of marginal setae of specimens from citrus and 
olives was within ranges cited in these two studies.  Numbers of anterior, medial and posterior 
setae were similar to those reported by Morillo (1977).  I attributed the differences reported in 
the literature to the possible existence of cryptic species, intraspecific variation in the number 
of larval instars, and to determinations based on the external dorsal appearance of live and dead 
scales and the presence of exuviae (cast skins of moults) of first and second instars.  Given that 
no authors mention exuviae of third instar larvae, it seems that exuviae of this stage may be 
incorporated into the adult test, and not pushed backward until free of the insect as described 
by Quayle (1911) for first and second instar moults.  Given my observations, and those of 
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Argyriou (1963) and Morillo (1977), I think this is the most plausible explanation.  I 
recommend that detailed studies be undertaken on the moulting of the instars and the fate of 
exuviae of Saissetia oleae and related species. 
 
9.1.4. Scutellista caerulea biotypes in Australia 
The focus of Chapter 5 was on resolving decades-old conjecture related to ‘biotypes’ of 
Scutellista caerulae introduced to Australia in 1903, 1939, and in 1969–1970.  Records indicate 
that a ‘biotype’ associated with Saissetia oleae was successfully introduced to New South 
Wales and Western Australia in 1903 (Sydney Mail and New South Wales Advertiser, 4 
November 1903, Australian Town and Country Journal 13 January 1904, and Jenkins 1946, 
Wilson 1960, Waterhouse & Sands 2001), and that a ‘biotype’ associated with Ceroplastes 
destructor was successfully introduced to New South Wales in 1969–1970 (Sands 1986 and 
Waterhouse & Sands 2001).  Introduction of a ‘biotype’ from Kenya and Uganda by Gurney 
(1936) for control of Ceroplastes destructor is deemed to have failed (Wilson 1960, Sands 
1968).  Establishment of the ‘biotype’ introduced by CSIRO from South Africa in 1969–1970 
was not confirmed until 1984 (Sands 1986, Waterhouse and Sands 2001), and this was not the 
first instance of ‘delayed establishment’; the parasitoid was introduced to the United States of 
America in 1898 for control of Ceroplastes sp., but establishment was not confirmed until the 
parasitoid was recorded in Saissetia oleae in 1923 (Howard 1924, Baldwin 1953).  These 
records of delayed establishment cast doubt on the extent of reported host specificity and the 
failure of ‘biotype’ from Kenya and Uganda to establish.  Moreover, host records refering to 
‘biotypes’ introduced to New South Wales by Gurney (1936) and South Africa by CSIRO 
(Snowball 1970, Sands 2000) are puzzling.  
Upward of 100 adult Scutellista caerulea were released in the Sydney region (Gurney 
1936).  Gurney (1936) reported that the immature stages of the Scutellista caerulea strain that 
he introduced from Kenya developed in both Ceroplastes destructor and Saissetia oleae.  
Gurney (1936) commented that the strain of Scutellista caerulea (presumably the 1903 biotype 
from Cape Town) present in New South Wales before he introduced the parasitoid from Kenya 
(from Ceroplastes luteolus not Ceroplastes destructor) had not been recorded attacking 
Ceroplastes destructor in the State.  Norman Scott Noble (then Assistant Entomologist, with 
the New South Wales Department of Agriculture) stated in a letter accompanying specimens 
of Scutellista caerulea he sent to Harold Compere, presumably in the mid-1930s, that ‘in New 
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South Wales Scutellista cyanea, Motsch., had never been known to attack wax scales, although 
it is common there as a parasite of Saissetia oleae (Bern.)’, but that the form of Scutellista 
introduced from Kenya, where it was obtained from Ceroplastes, has freely reproduced in wax 
scales in New South Wales (Compere 1937).  Because of the possible economic importance of 
the Ceroplastes-inhabiting Scutellista, an effort was made to distinguish between it and the 
Saissetia-inhabiting form (Compere 1937).  Snowball (1970) stated that a ‘race’ of Scutellista 
caerulea established on Saissetia oleae in New South Wales did not attack eggs of Ceroplastes 
destructor but that it did attack eggs of Ceroplastes sinensis.  Sands (2000) reported 
development of Scutellista caerulea on Ceroplastes destructor, Ceroplastes rubens Maskell 
and Ceroplastes sinensis.   
Wang et al. (unpublished, Western Sydney University) recorded low levels of parasitism 
(≤ 3%) of Ceroplastes rubens by Scutellista caerulea at Somersby near Kulnura in 1988 and 
1989.  This was the first record of the pteromalid attacking Ceroplastes rubens in Australia.  
Loch (1997) reported it attacking Ceroplastes rubens on umbrella tree (Schefflera actinophylla 
(Endl.) Harms (Apiales: Araliaceae) in Queensland in 1995, but Smith (1974) did not mention 
it as a natural enemy of the scale in citrus orchards in Queensland.  Scutellista caerulea was 
imported to Japan from California in 1924 for control of the scale, but attempts to establish it 
failed due to lack of synchrony between the host and the parasite which reached the adult stage 
in 35 days when bred on the scale (Kuwana & Ishii 1927, Ishii 1940, Baldwin 1953).  
Ceroplastes rubens was described by Maskell (1893) based on specimens collected by Albert 
Keobele in Brisbane.  It is possibly native to Africa (Qin et al. 1994).  It was more common 
and destructive in Queensland in the 1890s than in New South Wales where it occurred in one 
or two localities (Gurney 1898).  This suggests that Ceroplastes rubens was possibly 
introduced to Queensland, and therefore Australia, in the mid to late 1800s (Queensland was 
part of New South Wales until 1859). 
Hely (1968) and Waterhouse and Sands (2001) reported Scutellista caerulea as a natural 
enemy of Ceroplastes ceriferus in Australia.  This scale, possibly of South American origin 
(Qin et al. 1996), occurs in coastal New South Wales, Queensland, and Western Australia 
(Zeck 1932, Waterhouse & Sands 2001).  It appears to have been present in Australia before 
1850.  Specimens collected in Sydney by Captain Sir Everard Home were described as 
Ceroplastes australiae in 1852 (Walker 1952).  Ceroplastes ceriferus does not occur on citrus 
(Hely et al. 1982).  However, Ceroplastes destructor was frequently considered to be 
Ceroplastes ceriferus, and not formally recorded in Australia, until Zeck (1932) described the 
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differences (Qin & Gullan 1994).  It was probably introduced from Africa before 1893 (Zeck 
1932, Sands et al. 1986).  
Given that Scutellista caerulea is an ectoparasitoid/egg predator, it would seem unlikely 
that its microbiota would have influenced establishment or host specificity.  The absence of an 
alternative host was considered a reason for the failure of introductions of Scutellista caerulea 
from Kenya and Uganda for control of Ceroplastes destructor on the Central Coast of New 
South Wales (letter from William Butler Gurney to Filippo Silvestri dated 14 July 1939: NSW 
Department of Agriculture, Entomology Branch files held by GAC Beattie) where the scale is 
univoltine and where most eggs are normally produced in December (early summer).  The 
successful introductions of Scutellista caerulea in 1903 for control of Saissetia oleae on the 
Central Coast of New South Wales, and in near Perth in Western Australia, would have been 
enhanced by the presence of bivoltine populations of the scale that occur in both regions (Hely 
et al. 1982, Smith et al. 1997).  The unintentional introduction of Ceroplastes sinensis during 
the early 1960s (Snowball 1970) provided another host for Scutellista caerulea and appears to 
have contributed to the decline in importance of Ceroplastes destructor from the late 1960s.  
In studies in the late 1980s, Scutellista caerulea that emerged from Ceroplastes sinensis in 
citrus orchards at Somersby in late summer and early autumn were observed ovipositing under 
in immature Ceroplastes destructor (GAC Beattie & L Jiang, unpublished observations).  
These observations led to my studies. 
According to Sands et al. (1986), females of the South African biotype of Scutellista 
caerulea parasitising Ceroplastes destructor have paler antennal pedicels and darker forewings 
than females of the formally reported biotype introduced to Western Australia from South 
Africa via California for the control of Saisettia oleae.  Compere (1937) noted that the apical 
margins of forewings of specimens of Scutellista caerulea from wax scales in Kenya appeared 
narrowly bare after mounting in balsam in contrast to the ciliated apical margins of forewings 
of specimens from Saissetia oleae.  The bare appearance towards the apex of the wings of the 
forewings of the specimens from Kenya was an effect produced by mounting in balsam which 
made the cilia transparent.  Compere (1937) regarded these differences as trivial.  My study, 
however, found no morphological differences among the parasitoids examined. 
I also found no molecular or morphological evidence of variation among accessions of 
Scutellista caerulae associated with Saissetia oleae on citrus and olives, or with Ceroplastes 
destructor and Ceroplastes sinensis on citrus.  It could be concluded that: (a) there are no host-
specific biotypes of Scutellista caerulae, (b) the ‘biotype’ introduced from South Africa in 
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1903 for control of Saissetia oleae adapted to species of Ceroplastes in Australia, (c) the 
biotype introduced from South Africa in 1969–1970 for control of Ceroplastes destructor 
displaced the 1903 ‘biotype’ introduced from the same region for control of Saissetia oleae, or 
(d) the biotypes interbred.  I hypothesise that only one ‘biotype’ occurs in Africa and 
introductions of the parasitoid from Kenya and Uganda to Australia that were deemed 
unsuccessful may have been related to delayed establishment of the parasitoid and host 
phenologies.  This is the most plausible explanation, but it should be confirmed by molecular 
studies of specimens of Scutellista caerulae from Saisettia oleae and species of Ceroplastes in 
Africa.   
 
9.1.5. Ectoparasitic feeding by first instar larvae of Scutellista 
caerulea on non-gravid females of Saissetia oleae and Ceroplastes 
sinensis 
The focus of Chapter 6 was on determining whether first instar larvae of Scutellista 
caerulea can feed and develop on immature host before entering diapause until production of 
eggs by hosts.  The study was undertaken to resolve conflicting accounts of larvae on immature 
hosts.  Cilliers (1967) and Smith and Compere (1928) observed the first instar larvae feeding 
on immature hosts; however, this was disputed by Sands et al. (1986).  In my study, I used 
stereo and confocal microscopy to confirm the identity of the larvae. 
I used fluorescence confocal microscopy to determine the nature of the gut contents of 
larvae and recorded still and video images of live larvae on immature Ceroplastes sinensis and 
Saissetia oleae.  Fluorescence of the gut contents of larvae with their mouthparts in host tissues 
was similar to fluorescence of host tissues.   
In the molecular studies based on EF1α and nested PCR, I demonstrated the presence of 
DNA of Saissetia oleae and Ceroplates sinensis in gut contents of first instar larvae attached 
to the two hosts. 
Lastly, growth of the first instar larvae of Scutellista caerulea was noted.  Indeed, Sands 
et al. (1986) report newly‐hatched larvae of a South African biotype of Scutellista caerulea on 
non-gravid Ceroplastes destructor remained in diapause without feeding despite a 1.64 × 
increase in length.  Quayle (1911) reports instances where larvae had grown to considerable 
size under a scale that had not yet laid eggs and that larvae can be reared from soft brown scale 
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(Coccus hesperidum L.), an insect that lays no eggs.  It is unlikely that the parasitoid could 
increase in size without a source of energy from feeding.  Taken together, the data from this 
chapter and those from other studies suggest strongly that first instar Scutellista caerulea larvae 
feeds on hosts before the host lays its eggs.  It is thus an ectoparasitoid on immature hosts and 
an egg predator.  Scutellista caerulea eggs laid on the ventral surface of an immature host hatch 
and the first instar feeds, grows and then enters diapause until the host mature and produces 
eggs.  Eggs of the wasps laid between host eggs and wasp larvae complete their development 
without dispause by feeding on host eggs. 
 
9.1.6. Impacts of foliar nitrogen on Saissetia oleae and Ceroplastes 
sinensis their parasitoids 
Chapter 7 looked at the tritrophic interactions among the plant, its herbivorous scales and 
their parasitoids and how this was affected by changes in plant N content.  The effect of plant 
N as a component of tritrophic interactions appears to be variable.  Chen et al. (2014) studied 
the interactions between cotton plants (Gossypium hirsutum L.) given different N treatments, 
the beet armyworm, Spodoptera exigua (Hübner) [Lepidoptera: Noctuidae], and the 
hymenopteran endoparasitoid Cotesia marginiventris (Cresson) [Hymenoptera: Braconidae].  
The parasitoids in host insects on plants given lowest N treatment had longer development than 
those on the other N treatments.  For the diamondback moth (Plutella xylostella L. 
[Lepidoptera: Yponomeutidae]) parasitised by Diadegma insulare Cresson (Hymenoptera: 
Ichneumonidae), Fox et al. (1990) found that host and parasitoid abundance were directly 
related to the N of collard foliage.  Similar results were found for Encarsia formosa Gahan 
[Hymenoptera: Aphelinidae] parasitising the whitefly, Bemissia tabaci (Gennadius) biotype B 
syn. Bemisia argentifolii Bellows & Perring [Hemiptera: Aleyrodidae]), on poinsettias 
(Euphorbia pulcherrina Willd. ex Klotzsch) (Bentz et al. 1996); parasitisation was higher on 
fertilised rather than unfertilised plants. Despite problems due to the high temperatures in the 
orchard, for both Ceroplastes sinensis and Saissetia oleae, I found that the size of unparasitised 
scales was positively correlated with fecundity, and that scale size was positively correlated 
with parasitism.  In addition, for Ceroplastes sinensis, scale size was positively correlated with 
plant N concentration.  Thus, for Ceroplastes sinensis, the interactions among the three 
components were clearly demonstrated.  Given the positive relationship between size and level 
of parasitism for Saissetia oleae, it is likely that plant N concentration would also have a similar 
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positive relationship for this species.  Thus, there seems to be stabilising selection: larger scales 
are more fecund but suffer higher levels of parasitism.   
Although many traits, such as fecundity, are positively correlated with body size (as 
found in my study), it is widely believed that stabilising selection commonly acts on body size 
due to opposing selective forces (Endler 1986, Blanckenhorn 2000).  Stabilising selection may 
result from opposing sexual selection pressures.  For example, Fincke (1982) and Banks and 
Thompson (1985) have shown that for damselflies [Odonata: Coenagrionidae] larger males 
may be more successful in obtaining mates but have reduced survivorship or ability to return 
for subsequent matings.  Stabilising selection may also occur due to opposing natural selection 
pressures.  For the Galapagos finch, Geospiza fortis Gould, small females bred earlier but 
survived more poorly than large females (Price 1984), and small birds of both sexes survived 
more poorly when adults but possibly better when juveniles (Price and Grant, 1984).  A 
somewhat analogous situation occurs with the gall wasp, Eurosta salidaginis L. (Hymenoptera: 
Cynipidae), with respect to gall size.  Larger galls allow more places for larvae to hide from 
parasitoid wasps but are more likely to be predated by birds (László et al. 2014). Lastly, 
stabilising selection for body size may result from a combination of opposing natural and 
sexual selection pressures and may be occurring in my study, i.e., the increase in fecundity due 
to increased body size may be balanced by increased parasitism.  Therefore, the use of 
nitrogenous fertilisers is not likely to lead to high populations of scales and may even lead to 
higher numbers of parasitoids in the orchard. 
Studies have shown that parasitoids of herbivorous insects may be attracted to their host 
insect by semiochemicals emitted by the plant (Paré et al. 1997; Cortesero et al. 2000), and the 
chemical profile of the volatiles emitted by leaves on which herbivores are feeding may be 
markedly different from leaves that are simply mechanically damaged (Paré & Tumlinson 
1999).  Both corn and cotton plants attacked by the larvae of several Lepidoptera species have 
been show to release volatiles that attract hymenopterous parasitoids (Tumlinson et al. 2003).  
In addition, a systemic response is initiated by insect feeding that causes the emission of 
volatiles from undamaged leaves (Turlings and Tumlinson 1992; Röse et al. 1996).  If similar 
compounds could be identified from citrus or olives, the efficiency of biocontrol of these crops 
by parasitoids may be enhanced.  Attraction of parasitoids to citrus by volatiles has been shown 
in two studies.  In the first study, Morgan et al. (1998) found that Aphytis melinus DeBach 
[Hymenoptera: Aphelinidae], a biological control agent used to control diaspidid scales, is 
attracted to volatiles from a host-host plant complex (Aonidiella aurantii (Maskell) 
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[Hemiptera: Diaspididae] on lemon), but only after prior experience with the host-host plant 
complex.  In the second, Martini et al. (2014) showed that ‘Candidatus Liberibacter asiaticus’, 
a bacterial pathogen of citrus, modifies the volatiles of citrus plans and that the volatile attract 
Tamarixia radiata (Waterston) (Insecta: Hymenoptera), a parasitoid of Diaphorina citri 
Kuwayama (Hemiptera: Liviidae).  In this second study, methyl salycilate was found to be the 
attractant, and it would not be difficult to determine the attraction of this compound to 
Ceroplastes sinensis and Saissetia oleae. 
Chapter 7, also details work performed on Metaphycus varius, the parasitoid that 
appeared in the second year of my field study.  The Universal Chalcidoidea Database (Noyes 
2017) lists 473 species of Metaphycus of which 25 are reported to be found in Australia (Table 
9.1).  Of these 25, only six of the species listed in Table 9.1 have been found to be associated 
with citrus scales and mealybugs in Australia (Malipatil et al. 2000).  Malipatil et al. (2000) 
list an unidentified species of Metaphycus in their publication that has since been named as 
Metaphycus anneckei Guerrieri & Noyes (Guerrieri & Noyes 2000).  Metaphycus anneckei is 
widely distributed, and is a parasitoid of Saissetia oleae and Saissetia miranda (Guerrieri & 
Noyes 2000).  My species of Metaphycus differs from the description of Metaphycus anneckei 
in Malipatil et al. (2000), as the maxillary palpi of the former species are three segmented and 
those of the latter are four segmented.  My species of Metaphycus differs from Metaphycus 
helvolus as the females of Metaphycus helvolus are smaller than the study species and the 
maxillary and labial palpi of Metaphycus helvolus are two-segmented; the molecular analysis 
also clearly separates these two species.  The study species can be separated from Metaphycus 
inviscus and Metaphycus lounsburyi, as the tibia of the latter two species have fuscus bands 
whereas the tibia of the former species are uniformly pale.  Females of Metaphycus luteolus 
are smaller than those of Metaphycus varius and these two species are also clearly separated in 
the molecular analyses.  In the molecular analysis, the study species was close to Metaphycus 
flavus; this species has been found parasitising Ceroplastes floridensis, Saissetia coffeae and 
Saissetia oleae (Guerrieri & Noyes 2000).  However, the study species differs from 
Metaphycus flavus in the colouration of the antennae of the males and female.  The pedicel of 
Metaphycus varius females is black and orange whereas that of Metaphycus flavus does not 
have the black markings and the first five segments of the funicle of Metaphycus varius females 
have dark markings whereas only the first three segments of Metaphycus flavus have dark 
pigmentation.  On the antennae of the males of Metaphycus varius, the pedicel is again orange 
and black whereas that of Metaphycus flavus males does not have the dark pigmentation.  On 
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the basis of these differences, the most likely species found in my study is Metaphycus varius.  
Insects were sent to Dr M. Malipatil, Principal Research Scientist (Biosystematics), 
Biosciences Research, Agriculture Victoria who confirmed the identity of the insect. 
 
 
Table 9.1. Metaphycus species found in Australia (Noyes 2017).  Species reported on pests of 
citrus (Malipatil et al. 2000) are emboldened. 
 
Metaphycus alberti (Howard Metaphycus lounsburyi (Howard) * 
Metaphycus aligherini (Girault) Metaphycus luteolus (Timberlake) * 
Metaphycus anneckei Guerrieri and Noyes Metaphycus maculipennis (Timberlake) 
Metaphycus argenteus (Girault) Metaphycus memnonius Compere 
Metaphycus atriphragma (Girault) Metaphycus nigrivarius (Girault) 
Metaphycus bicinctitibiae (Girault) Metaphycus parkeri (Girault) 
Metaphycus bowensis (Girault) Metaphycus sanguinithorax (Girault) 
Metaphycus buderimi (Girault) Metaphycus semialbus (Girault) 
Metaphycus flavus (Howard) Metaphycus tricinctus (Girault) 
Metaphycus helvolus (Compere) Metaphycus turneri (Girault) 
Metaphycus inviscus Compere Metaphycus varius (Girault) 
Metaphycus iohneumon (Girault) Metaphycus verdini (Girault) 
Metaphycus keatsi (Girault)  
 
Metaphycus varius was described by Girault (1915) from a single female caught in a 
forest in Queensland.  The insect in my study largely accords with this description other than 
the upper third of the occiput and the clava not being black.  Following the key of Malipatil et 
al. (2000), the study insect was identified as Metaphycus varius.  The morphology of the insect 
also agrees with the short description given by these authors in that: the female is largely 
yellow; the anterior margin of the pronotum and dorsum of the gaster are dark; the antennae 
are banded; the scape is almost black as is the basal part of the pedicel.  However, the insect 
differs from the description of the insect given in Malipatil et al. (2000) in that: it does not have 
genae with fuscus bands; the eyes are dark but not red; and the fifth segment of the funicle is 
partly pigmented.  This latter feature differs from the description given by Girault (1915) and 
is in accord with the study insect.  Also, Malipatil et al. (2000) state that the males and females 
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are similar.  However, with the study insect, the dorsal parts of the thorax and abdomen of 
males are dark all over.  In addition, with the exception of the distal part of the pedicel, the 
antennae of the males are dark.  The dark males came from the same host insect and were 
molecularly identical to the females from the same insect.  Guerrieri & Noyes (2000) note that 
males of Metaphycus and often darker than females.  Given these differences between the 
insects observed in my study with published descriptions, I suggest that the insect should be 
retypified.  
 
9.1.7. Changes in soil microbial communities after additions of 
sugar and nitrogenous fertiliser 
Chapter 8 examined the microflora of the orchard soil using NGS.  This part of my study 
showed the extent of the diversity of bacterial and fungal taxa within soils.  Bacteria from 39 
phyla or candidate phyla were found together with fungi from 18 classes from seven different 
phyla.  As outlined in Chapter 8, this level of diversity is common in soils; however, the biology 
and significance of most of these species is unknown.  Regarding the bacteria, sequences were 
obtained from 19 candidate phyla (i.e., nearly half of phyla found) and, as such, these bacteria 
are mainly known only through the sequence of their 16S rRNA gene.  Regarding the fungi, 
the second most abundant group were those that could not be assigned to a phylum based on 
their ITS sequence.  Therefore, an almost limitless amount for further work exists that can be 
performed on these organisms.  This includes further genetic analyses so that each taxon can 
be identified to species level, the determination of the conditions under which they can be 
cultured and their functional roles within soils.  The roles of the soil biota are many, with 
Paoletti et al. (1994) proposing the following: 
 decomposing litter and cycling nutrients; 
 converting atmospheric nitrogen into organic forms, and reconverting organic 
nitrogen to gaseous nitrogen; 
 suppressing soil-borne pathogens through antagonism; 
 synthesising enzymes, vitamins, hormones, vital chelators and allelochemicals 
that regulate populations and processes; 
 altering soil structure; and 
 directly interacting with plants through mutualism, commensalisms, competition, 
and pathogenesis. 
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The NGS identified a number of fungi to either species or genus level; these may provide 
a less intractable source of further work.  The sequencing data identified a number of fungi 
whose frequency in the soil changed as a result of the amendments that are potential pathogens.  
Curvularia hawaiiensis Manamgoda et al. (syn. Helminthosporium hawaiiensis, Drechslera 
hawaiiensis, Bipolaris hawaiiensis, Cochliobolus hawaiiensis, Pseudocochliobolus 
hawaiiensis) is a pathogen of diverse species including Bermuda grass (Cynodon dactylon (L.) 
Pers.) (Pratt 2005) and water hyacinth (Eichhornia crassipes (Mart.) Solms) (Ray & Hill 2012) 
and can also be a human pathogen (Bashir et al. 2009).  Two species of Fusarium were 
identified to species level, Fusarium solani (Mart.) Sacc. and Fusarium oxysporum Schlecht. 
emend. Snyder & Hansen, both with similar biologies.  Due to the existence of multiple forms, 
the taxonomy of both species is complex with both belonging to species complexes (O’Donnell 
2000, Laurence et al. 2014).  They are ubiquitous in soils from both non-cultivated ecosystems 
and agricultural land, and may be primarily non-pathogenic endophytes or saprophytes capable 
of metabolising diverse substrates (Gordon & Martyn 1997, Leslie & Summerell 2006, Zhang 
et al. 2006, Coleman 2016, Gordon 2017).  However, in addition to endophytic or saprophytic 
strains others exist that can cause vascular wilt diseases of a range of economically important 
crops (Leslie & Summerell 2006, Coleman 2016).  The genus, Ceratobasidium, forms part of 
the Rhizoctonia complex (García et al. 2006).  Species of this genus have been reported to be 
saprophytes, mycorrhizal symbionts or plant pathogens (Kataria & Hoffmann 1988).  Some of 
the fungi identified in my study may have relevance to the biology of the insects found within 
the soil.  Species of Exophiala, including Exophiala attenuate Vitale & de Hoog, are causes of 
human and animal mycoses (Zeng et al. 2007), and species of Exophiala have been found to 
be associated with hemlock woolly adelgid (Adelges tsugae Annand (Hemiptera: Adelgidae)) 
in the northeastern USA (Gouli et al. 2013) and with bark beetles (Jankowiak & Kolařík 2010; 
Durand et al. 2017).  Members of the genus, Metarhizium, are commonly used as 
entomopathogens (Zimmermann 2007).  
Although many soils contain ample quantities of N and phosphorus, the majority of these 
elements is not available for plant growth (Rai 2006) and may be limiting (Schachtman et al. 
1998).  A wide range of bacteria that are either symbiotic with a host plant or non-symbiotic 
free living (Bishnoi 2015).  Bacteria belonging to the genera Pseudomonas, Bacillus and 
Rhizobium have the ability to solubilise phosphate through the production of organic acids and 
acid phosphatases thus increasing P uptake and crop yield (Rodrı́guez & Fraga 1999).  In 
addition, some bacteria can solubilise potassium (Sheng & He 2006).  Microbial products have 
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been developed that increase the availability of these elements (Vance 2001; Bhat et al. 2015), 
and a meta-analysis by Schütz et al. (2017) suggested that arbuscular mycorhizal fungi or 
combined application of P solubilisers and N fixers are the best inoculants.  The use of these 
plant growth promoting rhizobateria (Kloepper & Schroth 1978) has not been well studied in 
orchard agroecosystems.  
The roles of the fungi identified in my study as either plant pathogens, as agents for 
increasing plant nutrition or their involvement in disease resistance need to be determined.  
Species of both Rhizoctonia and Fusarium may help control plant pathogenic strains through 
their abilities to induce plant resistance (Sharon et al. 2011, Shcherbakova et al. 2011) and, 
addition to increasing plant resistance, non-pathogenic strains of Fusarium also control 
pathogenic strains through competition for carbon and competition for infection sites (Mandeel 
& Baker 1991, Couteaudier 1992).  Soil bacteria may also be involved in the control of soil-
borne fungal and oomycete pathogens (Kupferschmied et al. 2013).  A number of recent studies 
have shown that entomopathogenic fungi have roles in ecosystems other than as pathogens and 
may be plant endophytes, plant disease antagonists, rhizosphere colonizers, and plant growth 
promoters (Elliot et al. 2000, Vega et al. 2009, Jaber & Salem 2014).  For example, some 
entomoparthogens such as Metarhizium spp. can be also plant symbionts that are able to 
transfer N from insect cadavers to plants (Behie et al. 2012, Behie & Bidocha 2014), act as an 
antagonist of plant pathogens (Sasan & Bidochka 2013) and as plant growth promoters (Liao 
et al. 2014).  Thus, control of insects and pathogens can be through diverse mechanisms and 
the controlling organisms may have a variety of roles within the soil.  Once the functions of 
the organisms within the soil have been determined, it may then be possible to manipulate then 
to increase orchard productivity.  However, factors such as soil type, microbiome, 
environmental conditions and cropping system and the consequences of agronomic practices 
may influence the effect of these organisms (Parnell et al. 2016); hence, it will be necessary to 
gain a more thorough understanding of the microbiomes associated with various cropping 
systems, including orchards. 
In addition to these fungi of potential relevance to crop protection and crop growth, my 
study also identified species of Mortierella, a large genus containing a nearly 100 species (Kirk 
et al. 2008).  With the exception of Mortierella wolfii BS. Mehrotra & Baijal (Davies & 
Wobeser 2010), members of this genus species are usually non-pathogenic on plants and 
animals and are common soil saprophytes (Kirk et al. 2008).  The genus is of biotechnological 
interest, as some of the species within it are candidates for use as producers of arachidonic acid 
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and other polyunsaturated fatty acids (Kendrick & Ratledge 1992, Botha et al. 1999) and as a 
source of ice nucleating particles (Fröhlich-Nowoisky et al. 2015).   
In summary, my study has clarified some of the details of the biology of Saissetia oleae 
and the insect parasitoids that attack it and other soft scales.  This information can be used to 
facilitate the development of biological control programs.  Despite the Coccidae being a large 
family containing approximately 170 different genera (García Morales et al. 2016), little work 
on the tritrophic interactions has been performed for this group.  The excpetion is the 
interactions among plant hosts, honeydew-producing trophobionts and the weaver ant, 
Oecophylla smaragdina (Blüthgen & Fiedler 2002).  My study has clearly demonstrated such 
interaction and the knowledge gained can also be applied to biological control programs. 
Lastly, my study has shown the effect of soil amendments on the both the trees in the orchards 
and the soil in which they are growing and has provided information that could be of use in 
managing soil health and incteasing orchard productivity. 
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Glossary  
 
Biotype: ‘a population that has some genetic or phenotypic differences from another 
population, but which may fall anywhere in the taxonomic spectrum from polymorphisms 
within species up to the level of species’ (Drès & Mallet 2002). 
Predators: insects that eat and, therefore, kill multiple prey and are often bigger than 
their prey (Lafferty & Kuris 2002).  
Parasites: insects that affect a single host that they usually do not kill and are typically 
are smaller than their hosts (Lafferty & Kuris 2002).  
Parasitoids: insects that affect one host during immature development but kill it before 
it reproduces (Ricklefs 1979, Borrer et al. 1981, Godfray 1994).  They are free-living as 
adults, and some also derive nutrition as adults through host-feeding (Heimpel & Collier 
1996). They may also be classified by the life stage of the host that is attacked giving egg, 
larval or pupal parasitoids.  Ectoparasitoids lay their eggs on the outside of the host on 
which they feed externally.  Endoparasitic parasitoids lay their eggs internally in the 
host in which the larvae feeds.   
Idiobionts: parasitoids that are usually ectoparasitic and, after initial parasitisation, 
prevent further development of their host often with the use of a venom injected by the 
ovipositing female (Vinson & Iwantsch 1980); thus, they have a fixed food resource 
limited by the development of the host at oviposition.   
Koinibionts: parasitoids that only partially paralyse their host with venom. The host 
continues to feed and grow during some stages of parasitism and is only killed when the 
parasitoid reaches maturity (Askew & Shaw 1986, Mackauer & Sequeira 1993).  
Koinobionts may be either endoparasitoids or ectoparasitoids. 
Oligotrophs: bacteria that typically live in nutrient-poor environments (Fierer et al. 
2007). 
Copiotrophs: bacteria that are associated with richer environments (Fierer et al. 2007). 
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Insect morphology (taken from the Universal 
Chalcidoidea Database) 
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